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This book was written primarily for technical students not 
specializing in electrical engineering but may also serve as an 
introductory textbook for electrical engineering students. At the 
Massachusetts Institute of Technology the subject is required for 
students registered in metallurgy, general engineering, chemical 
engineering, mineral resources (option in geology), naval architec¬ 
ture and marine engineering, marine transportation, business and 
engineering administration, aeronautical engineering, and building 
engineering and construction. It is sometimes elected by students 
registered in chemistry and in physics. 

The first obvious pedagogical question that arises is whether a 
different training should be offered to each of the professions listed 
above. The nationwide answer has been practically unanimous 
that, from every viewpoint, a single course with a broad objective 
should be adopted. This solution, however, predicates a course 
content and a method of teaching which will allow the registrants 
in each faction to study and think in terms of their own field of 
activity. This may best be accomplished by meeting each group, 
so far as possible, in a class discussion rather than in a general 
lecture to the whole body, and by selecting appropriate laboratory 
exercises for each group. 

With this objective in mind the text has been written to include 
an outline of the fundamental principles and applications of elec¬ 
tricity and magnetism most frequently encountered in engineering 
practice. An outline text also provides the individually minded 
teacher with the opportunity, without restrictions, of extending 
the subject in those directions in which he believes the greatest 
emphasis should be given. 

The extensive and increasing use of thermionic and photoelectric 
emission in modern electrical apparatus has introduced another 
difficult problem in the teaching of non-electrical students. A 
chapter on electronic theory and applications has been included 
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in the third edition; its study and discussion should give the 
student better understanding of the various electronic devices 
with which he may come in contact. In the limited time available 
it is not to be expected that the student will be able to design such 
devices. The best that may be expected is that he will be able to 
apply and operate existing devices. 

The photographic reproductions of electrical apparatus appear¬ 
ing throughout the text were generously supplied by the General 
Electric Company, the Westinghouse Electric and Manufacturing 
Company, the Weston Electrical Instrument Company, the Leeds 
and Northrup Company, the Simplex Wire and Cable Company, 
the Okonite Company, the International Telephone Development 
Co., Inc., the Locke Insulator Corporation, the Ohio Brass 
Company, and the American Bridge Company. 

Ralph G. Hudson. 

Cambridge, Mass. 

September, 1941 


All names of apparatus mentioned in this text which are capitalized and 
quoted are trade names. 
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CHAPTER I 


DIRECT-CURRENT CIRCUITS 

Electric Current. The economic value of electric energy is 
due principally to the possibility of transmitting this form of energy 
in large quantities over great distances without considerable loss. 
The propagation of electric energy through space along a wire is 
accompanied by certain manifestations located within the wire or 
in the surrounding space. These manifestations associated with 
the propagation of electric energy are ascribed to a flow of elec¬ 
tricity through the wire and this flow of electricity is called an 
electric current. 

Modem Concept of an Electric Current. Matter is an aggre¬ 
gate of small electric charges; principally protons (positive 
charges), electrons (negative charges), and neutrons (each con¬ 
taining one proton combined with one electron). All substances 
contain varying amounts of free electrons which, without extrane¬ 
ous forces acting upon them, move about at random like the mole¬ 
cules in a gas. 

The electron carries a charge of 4.80 X 10 -10 statcoulomb and 
has a mass (at rest) of 9.04 X 10 -28 gram. The size of an electron 
is questionable but is probably not more than 10“ 13 centimeter in 
diameter. The proton carries the same charge as the electron 
but has a mass about 1840 times that of the electron. 

If the free electrons in any substance are acted upon by a force 
of external origin they will be given a drift velocity and a stream 
of electrons will move slowly through the substance. In a wire 
carrying a current of one ampere (defined below), 6.29 X 10 18 
electrons will pass a given cross section of the wire in one second. 
In a copper wire 0.04 inch in diameter (about No. 18 A.W.G.) 
carrying a current of one ampere a free electron would move a 
distance of one mile in about 231 days. This slow motion of free 
electrons in any part of a wire propagates a wave of action through¬ 
out the entire wire almost at the velocity of light. 
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DIRECT-CURRENT CIRCUITS 


The Effects of an Electric Current. The principal effects of 
an electric current are the thermal, chemical, magnetic, and force 
effects. The thermal effect is manifested by the heating of the 
conducting material, by a high temperature arc between the 
terminals of a gap in the circuit, and by the heating or cooling of 
the junction between different metals conducting an electric 
current; the chemical effect by the chemical reaction associated 
with the flow of current through certain materials, chiefly liquids; 
the magnetic effect by the associated magnetic energy stored in 
the space surrounding a current; the force effect by the force 
exerted upon a current when placed in space containing magnetic 
energy. 

In an automobile, for example, the thermal effect is used to 
produce sparks in the spark plug gaps within the cylinders, and 
to heat the filaments of incandescent lamps; the chemical effect 
is used when the storage battery is charged and discharged; the 
magnetic effect is used in the storage and discharge of magnetic 
energy in the ignition system, and in the excitation of the charging 
generator and starting motor fields; the force effect in the starting 
motor, and in reaction in the charging generator. 

Definition of the Ampere. The magnitude of an electric cur¬ 
rent may be defined arbitrarily in terms of any one of its effects. 
Though the force effect was first chosen for such definition the 
chemical effect proved more convenient and the unit of current, 

* © © 

Right Left Down Up 

Fig. 1 

the ampere, is now defined as that strength of current which 
will deposit 1.11800 milligrams of silver per second from an aque¬ 
ous solution of pure silver nitrate (see Fig. 85 on page 84). The 
direction of the current is assumed to be toward the surface on 
which the silver is deposited. The symbol for current is I and its 
direction is indicated by the horizontal or vertical projection of 
an arrow as shown in Fig. 1. 

Energy Conversion Associated with an Electric Current. The 

flow of an electric current through any part of an electric circuit 
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is accompanied by a continuous conversion of energy from one form 
into another. The nature of the conversion in any part depends 
upon its material structure, the constancy of the current, the lateral 
motion of the current in magnetic space, and the fixity of the 
magnetic energy in the surrounding space, lhe flow of an electric 
current in all substances is accompanied by a conversion of electric 
into thermal energy and, in certain dissimilar metals in contact, 
by a conversion of electric to thermal energy or the reverse. In 
certain materials, especially liquids, an additional conversion 
from electric to chemical energy or the reverse takes place. A 
variable current is accompanied by a conversion from electric to 
magnetic energy or the reverse, and lateral motion of a current 
in magnetic space may be accompanied by a conversion of electric 
into mechanical energy or the reverse. 

Definition of Electromotive Force. Each case in which the 
energy conversion is stated to be reversible may be utilized either 
as a source of electric energy or as a receiver of electric energy. 
Any device possessing the property of reversible conversion is 
called a reversible converter. The rate of reversible conversion 
in most reversible converters is directly proportional to the cui- 
rent. The rate of reversible conversion, or the reversible power, 
per unit current is called the electromotive force of the converter. 
When the power Is measured in watts and the current in amperes 
the electromotive force is measured in volts. Electromotive 
force is commonly abbreviated “ emf ” and is given the symbol E. 
Hence the emf of any device in which a current of I amperes is 
accompanied by a reversible conversion at a rate of P watts is 
given by 

P 

1 E — — volts. 

The direction of the emf in any reversible converter is assumed 
to be in the direction of the current if the converter is a source of 
electric power and in the opposite direction to the current if the 
converter is a receiver of electric power. A reversible converter 
of constant emf is represented by the symbol —”— and it is 
assumed that the emf acts within such a converter from the 
short line to the long line. 
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Definition of Resistance. The order n f + „ 

energy j n many substances, especially solids is • C ° nve,! - 10n of 
the direction of the current (eSc h mi,epend “‘ ° f 

thermal energy with either direction of the curre'ny »d le ntc"rf 
unitof current in therefore a variable but themriol fcraTeT 

°°Z ~ 

watts when the current is 7 amperes is given by 
2 8 - jj ohms. 

megohm equals one million ohms). 

Rate of Energy Conversion or Power The rrvordKin 
converted in any device 0 f emf F ™lt i. , versible P°wer 

of / amperes, from 1, is given by " C ° nduCtmg a current 

^ P = El watts. 

Positive power indicates conversion into electric power anti 

negative power conversion from electric power. P 

ie irreversible power converted in any device of resistance /? 
ohms when conducting a current of / amperes, from 2, is given by 

4 P = PR watts. 

This power is negative since electric power is always converted 
mto thermal power m an irreversible converter 

Tart Tll ° 0, “ tric l-xw delivered 
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COMPARATIVE MEANING OF EMF AND POTENTIAL 5 


The power delivered per ampere from any part of an electric 
circuit confined between two points a and b is called the potential 
or voltage between the two points. Dividing 5 by I, the potential 
or voltage (F) between the two 
points a and b in Fig. 2 is then 
given by 

6 Vab = +E — IR volts, 

Fig. 2 

where E is positive if directed 

toward b and I is positive if flowing toward b. A positive value 
of Vab indicates a potential rise toward b and a negative value a 
potential drop toward b. 

The power delivered from any part of a circuit, by definition of 
V, is given by 

7 P — VI watts. 

In 7, V is positive for a potential rise in the direction of the cur¬ 
rent and is negative for a potential drop in the direction of the 
current. Positive power indicates electric power delivered from, 
and negative power, electric power delivered to, the part of the 
circuit under consideration. 

Comparative Meaning of Emf and Potential. The emf in any 
part of an electric circuit indicates the rate of reversible energy 
conversion per ampere in that part of the circuit either from electric 
energy to some other form or the reverse, depending upon the rela¬ 
tive direction of the current and the emf. The magnitude or the 
direction of the emf does not depend upon the magnitude or the 
direction of the steady current unless the current changes the 
physical state of the converter. The potential or voltage between 
two points in any circuit indicates the rate of energy per ampere 
delivered or received between the two points in any form. Poten¬ 
tials or voltages are the consequences of the action of emf’s upon 
circuits. The magnitude or the direction of the potential between 
two points may and usually does depend upon the magnitude and 
direction of the current flowing between the two points. No 
current can be established in any circuit which contains no emf but 
current may flow in a circuit in which the potential between any 
two points is zero. The electromotive force of any device indicates 
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the power converted per ampere within that device exclusive of 
the power converted into heat in the device due to the passage of 
current through its material substance. The potential between 
the terminals of any device indicates the power per ampere 
delivered to or received from the device in any form. 

Energy Converted in Any Device. The energy converted to 
any form in any device is given by 

VIh 

8 W = —— kilowatthours, 


where V is the potential between the terminals of the device, I 
is the current flowing through the device, and h is the number of 
hours that the device is electrically connected. 

The energy of reversible form that is converted from electric 
energy to any other form or the reverse depending upon the direc¬ 
tion of the current in any device is given by 

Elh 

9 W = —— kilowatthours, 


where E is the emf of the device. (/ and h are described under 8.) 

The energy converted into heat in any device with either direc¬ 
tion of the current is given by 

IIT PRh , 

10 W =-kilowatthours, 

1000 

where R is the resistance of the device. (/ and h are described 
under 8.) , 

Series and Parallel Connections. When the various parts of 
an electric circuit are connected end to end successively, as shown 
in Fig. 3, it is called a series connection. The current throughout 
a series connection is the same in each part. If some of the parts 
of a circuit are connected end to end jointly, as shown in Fig. 4, it 
is called a parallel connection. The potential between the termi¬ 
nals of each part of a parallel connection is the same for each part. 
It should not be assumed that all connections are either series or 
parallel. In Fig. 5 or Fig. 6, for example, none of the parts is 
connected in series or in parallel. 
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properties of the Series Connection. The resultant emf (E^) 
stated direction in a series connection (see Fig. 7) equals the 
gkraic sum of its constituent emf’s, an emf acting in the stated 



Fig. 3 Fie- 4 


direction being positive and in the opposite direction, negative. 

Hence 

i 1 Ead — El + Ei + Ei volts. 



Fig. 6 Fig - 6 

If Ei = +20 volts, E 2 = -10 volts, and E 3 = +4 volts, in 
Fig. 7 Ead = +20 - 10 + 4 = +14 volts acting from a to d. 



Fig. 7 


The resultant resistance ( R a d ) of a series connection (see Fig. 7) 
e fluals the arithmetic sum of its constituent resistances. Hence 

12 R ad = Ri + Ri + Ri ohms. 
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The potential rise in a stated direction between the ends of a 
series connection equals the algebraic sum of the potentials between 
the ends of its constituent parts, a potential rise in the stated direc¬ 
tion being positive and a potential drop negative. 

Hence, in Fig. 7, 

13 V a d = -\~Vab + Vbe + Vcd volts. 

The current flowing in any series connection (Fig. 2), from 6, is 
given by 

T +E-V ab 

14 I = ---amperes. 


All quantities represented in 14 apply only to a single series 
connection located between a and b. E is the resultant emf of 
the connection between a and b, V a b is the potential between a and 
b, R is the resultant resistance of the connection between a and b, 
and / is the current flowing from a to b. The convention of signs 
is the same as that described under 6. In a 
lab continuous series connection, called a series cir¬ 
cuit (see Fig. 3), a and b are identical points and 
Vab equals zero. 

Properties of the Parallel Connection. In any 

parallel connection the sum of the currents flow¬ 
ing toward any junction equals the sum of the 
currents flowing away from that junction. In 
Fig. 8, it may then be stated that 

15 lab = h + h + h amperes. 

Parallel Connections Containing No Emf’s. 

If no part of a parallel connection contains an 
emf it follows, from 14, that in Fig. 8 



Vab j V ab 

Rab ’ Rl 


h = 


Vab 
Rl ’ 


and 1 3 


Vab 
Rs ' 


Then, from 15, 


Vab V a b Vab . Vab , 
—— = ——H ——h -=-* and 
Rab Rl Rl Rl 


_L _ J_ J_ J_ 

Rab Ri Ri Rz 
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R is the equivalent resistance of a parallel connection con- 
w here ab ^ thc para n e l connection contains only two 

taining no 

_KiR 1 _ and when n partS) each of resistance R, are 

parts, n a b Ri Ri 

connected in parallel, R* = f • Evom 6 it also follows that in 

Fig- 8 

yj IlRl = I2R2 = 7 3R3 — labRab- 

In any circuit containing parallel connections without emf’s 
Die circuit as a whole may be converted into a simple series circuit 
for the purpose of calculation by substituting for each of its parallel 
connections the equivalent resistance given by 16. 

Parallel Connections Containing Emf’s. When two or more 
parts of any circuit are not connected in series and contain emf s, 
the resultant emf or the resultant 
resistance of the circuit cannot be 
calculated and the determination 
of the magnitude and direction 
of the current in each part in¬ 
volves the solution of two or 
more simultaneous equations based 
upon 6 and 15. 

Example. The currents flowing 
in the various parts of the circuit _ 

shown in Fig. 9 are indicated arbitrarily in magnitude and direction 
by symbols and arrows. Then between the two points a and b, 

from 6, 

(1) +Ei - hRi = -Ei ~ I2R2 

( 2 ) — E 2 — I2R2 = —Ei + hRi 

and from 15, 

( 3 ) Ii + I 2 — 13- 

The magnitude and actual direction of each of the currents may 
be determined by solving the three simultaneous equations, a posi¬ 
tive value of current in any case indicating that the direction 
assumed in the figure is correct and a negative value indicating a 
direction opposite to that in the figure. 
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The same method applies to connections which are neither series 
nor parallel. In Fig. 10 which contains the non-series parallel 
connection of Fig. 5, given E, R h R 2 , R 3 , R 4 , and R 5 (resistance of 
the battery and its connections assumed negligible), then from 6 

f _.. between a and b with the assumed 

L directions of currents 

5r I (1) -E = -IJti - UR 4 

e - - vA/WWy (2) — E = — I 2 R 2 — URs, 

*4 l*t •'3 *6 

(3) —E = — I 2 R 2 — IzRz — IJHa 

_ _ y ( 4 ) h+u = 1 4 

Fig. 10 (5) U = U + U 

Solving the five simultaneous equations gives the magnitude and 
direction of each current. 

Relative Resistances of Materials. Among the elements, silver 
has the lowest resistance per unit volume. Other metals, such 
as copper, aluminum, iron, also possess relatively low resistance 
and are called conductors. 

Considering their relative specific gravities and resistivities an 
aluminum wire of the same length and resistance as a copper wire 
will have half its weight. For conduction purposes under identical 
conditions an aluminum wire will therefore cost the same as a 
copper wire when the aluminum wire costs twice as much per 
pound. Lighter poles or towers may be used with the aluminum 
wire because it weighs half as much as the equivalent copper wire. 
Aluminum wires, being larger than the equivalent copper wires 
(unless the latter are hollow), will operate with less corona loss 
(explained later) but will collect more sleet out of doors. The 
larger wires will furthermore take more room, which is particularly 
undesirable indoors, in machinery, or in underground conduits. 
The low tensile strength of aluminum is easily compensated for 
by using high tensile strength steel for the inner strands of a 
stranded wire. Copper is preferable when much soldering is to be 
done because aluminum is difficult to solder. 

The wire used for heating elements in various types of electric 
heaters is subjected to a high rate of oxidation by reason of its 
high temperature. The rate of oxidation is materially reduced by 
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sing an alloy containing copper, nickel, and chromium. Incan¬ 
descent lamp filaments operated at very high temperatures are 
suallv made of tungsten. Carbon filaments have a higher melting 

j nt b u t lose their substance rapidly by reason of a higher vapor 
pressure than that possessed by tungsten. 

Various materials, such as glass, porcelain, slate, rubber, dry oil, 
possess relatively high resistance and are called insulators. All 
materials conduct current, however, and the distinction between 
conductors and insulators is made only to express their relative 
resistances per unit volume. The ratio of the resistance per unit 
volume of dry mineral oil to copper is 10 22 to 1. 

The American Wire Gage. The length of electric wires is 
usually measured in feet, the diameter in mils (1 mil equals 0.001 
inch) and the area in circular mils (area in circular mils equals the 
square of the diameter in mils). Wires are drawn for general use 
in various sizes represented by the American Wire Gage in which 
the consecutive sizes differ in area by approximately 26 per cent. 
A copper wire table giving the constants of wires suitable for light 
and power circuits will be found on page 219. 

Resistance Calculations. The resistance of any wire of uni¬ 
form cross section is proportional to its length and inversely pro¬ 
portional to its cross-sectional area. Given the resistance (Ri), 
length (Zi), and area (Ai) or weight (IFi) of any wire, the resistance 
of any other wire of the same material of length (l 2 ), area (A 2 ) or 
weight (W 2 ) is determined by 

18 El = hAl = l ±El 

R 2 l 2 A, WWi 

Any units of length, area or weight may be employed, provided 
the same units are used for both wires. If the given wire is one 
foot long and one mil in diameter it is called a mil-foot of wire and 
its resistance is called the resistivity (p) in ohms per mil-foot of the 
material. Given the resistivity (p) of any material per mil-foot 
the resistance of any wire of the same material l feet in length and 
^ circular mils in cross-sectional area is given by 

*9 n = ^ ohms. 

A 

The resistivity of a material may also be expressed in microhms 
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per centimeter cube, megohms per centimeter cube or ohms per 
meter-gram. 

1 he resistivity of vaiious materials in microhms per centimeter 
cube and megohms per centimeter cube is given on page 222. 

Variation of Resistance with Temperature. The resistance of 
all materials changes with the temperature and is assumed to be 
zero for all materials at zero degrees absolute. The resistance 
(R°) of any material at t» C which has a resistance of ft, ohms at 
4 C is given by 

^2 = Ri [1 + «i(4 — 4)] ohms, 

where a, is the resistance-temperature coefficient of the material 
at 4 C. Values of a for various materials are given on page 222. 
The resistance-temperature coefficient of annealed 100 per cent 
conductivity copper at any temperature is given by 

21 « ( =_ _ _ 

234.5 + t 

The temperature (4) of a material of /? 2 ohms resistance which 
has a resistance of Ri ohms and a resistance-temperature coefficient 
of a, at 4 C, from 20, is given by 



For annealed 100 per cent conductivity copper 

23 h = (~ ft, R ) {234 ’ 5 + k) + *] de S rees - 

It will be noted that Formula 22 or 23 furnishes an accurate 
method for the measurement of temperature. A wire of high 
melting point with ft, and a, (Formula 22) known at 4 may be 
placed in a furnace. After it is heated to the temperature of the 
furnace, ft 2 can be measured and 4 can be calculated to a high 
degree of accuracy. 

Insulation of Wires. Transmission line wires are usually bare 
and are supported by glass, porcelain or composition insulators. 
Types of insulation for interior wiring approved by the National 
Flectncal Code are shown on page 15. The carrying capacity of 



Armored Cable. 


The Okonite Conpany 





The Okonite Company 

Asbestos and Varnished Cambric Insulation. 


All Asbestos Insulation. 


The Okonite Company 



All Glass Insulation. 


The Okonite Company 
















Insulation Table fob Interior Wiring 


Application 


Name 


General use 


Rubber 


Dry location only unless lead 
covered. Usually not smaller 
than No. 6 

JAVA and AVB, dry location only 
AVL, general use 

Connections (in conduit) to or 
within apparatus 

Lead-covered and underground 

Diy location where ambient 
temp, exceeds 85 C 

Exterior wiring; interior only by 
special permission 


Varnished cambric 


Asbestos varnished 
cambric 

Asbestos 

Impregnated asbestos 
Paper 

Slow-burning 

Slow-burning 

weatherproof 

Weatherproof 




Max. Op- 

Type or Material 

Letter 

erating 

temp. 

Code grade 

R 

50 C 

Performance grade 

RP 

60 C 

Heat-resistant 

RH 

75 C 

Moisture-resistant 

RW 

50 C 

Small diam. bldg, wire, heat-resistant 

RHT 

75 C 

Small diam. bldg, wire, performance 

RPT 

60 C 

Fibrous covering 

RU 

60 C 

Synthetic 

SN 

60 C 

f 

Spiral strips 

V 

85 C | 


AVB 

90C , 

Braid of asbestos over above strips 

AVA 

AVL 

) \ 
| HOC / 

Braid 

A 

200 C \ 

Imp. with bitumen 

AI 

125 C J 

Spiral strips 

— 

85 C 

Fireproofed cotton braid 

Above overlaid with cotton braid imp. 

SB 

90 C ( 

with bitumen 

SBW 

J 

Cotton braid imp. with bitumen 

WP 

80 C | 
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Two-wire Transmission Line Calculations. The principles 
stated on the previous pages may be applied to the two-wire trans¬ 
mission line (Fig. 11) as follows: 
Vo and Vl are the respective po¬ 
tentials at the generator and load 
ends of the line, R t is the resist¬ 
ance of both line wires, d is the 
distance in feet from the generator 
to the load, h is the line current, 
and Pq and Pl are the power de¬ 
livered to the line and received from the line respectively. The 
length (l) of the wire in a two-wire transmission line is 2 d. From 13, 

24 Vl = Vo — IiRi volts. 

From 7, 

25 P a = Vah watts. 

26 Pl — VlIi watts. 

From 7 and 4, 

27 P L = VgIi — h 2 Ri watts. 
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The weight of a copper wire of length, l feet, and area, A circular 

mils, is given by 

G = 3.03 X 10 -6 IA pounds. 

From 32 and 31, the weight of a copper transmission line is given 

by 

1.28 X lO^P/.d 2 

33 0 ‘ (y„ - V J Vl P ° U " dS ' 

Economics of the Transmission Line. The annual cost of the 
energy lost in a transmission line of p ohms per mil-foot resistivity, 
l feet in length of wire, A circular mils in cross-sectional area, which 
conducts a steady current of h amperes for h hours per year, from 

10 is P ^ W - dollars, where c is the cost of the electric energy in 

dollars per kilowatthour. The annual investment charge associ- 

.. . . SlAc'p , . ... , 

ated with the line wires is , where 5 is the weight m pounds 

of a mil-foot of the conducting material, c' is the cost of the wire in 
dollars per pound, and p is the annual (integral) percentage rate 
of interest on the capital invested in the line wires which will pay 
the annual capital interest, taxes, and depreciation on the line 
wires. If the first derivative (with respect to A) of the sum of the 
two items is equated to zero the value of A which will give a mini¬ 
mum annual cost of operation is given by 


A = h 


10 hc'p 


circular mils. 


For copper the area would be 593 h \ circular mils. The 

\ c p 

result indicates that the annual operating cost associated with the 
Wlr e only is a minimum when the annual cost of the lost energy 
equals the annual investment charge associated with the wire, 
^his principle is called Kelvin’s law. 

Potential Limitations in the Two-wire System. The power 
l°st in a transmission line, from 4, is h 2 Ri watts. Since from 25, 

ec lUals ~ amperes, the power lost in a transmission line is also 
V G 
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given by : 


watts. The power lost in the line is inversely pro¬ 


portional to the square of the generator potential and the generator 
potential should therefore be made as high as possible. The mag¬ 
nitude of the potential impressed between the terminals of devices 
receiving energy from a direct-current circuit is limited for various 
reasons in the case of motors to approximately 600 volts and in the 
case of incandescent lamps to approximately 115 volts. The 
operation of these devices in series is in general undesirable. 
Motors connected in series are difficult to insulate and their opera¬ 
tion in series under most circumstances is unstable. The respec¬ 
tive luminosities of incandescent lamps connected in series would 
vary unless the lamps were selected with care, an increase of resist¬ 
ance in any lamp would shorten its length of service, one lamp 
could not be lighted alone, the failure of one lamp would extinguish 
the others unless an automatic shunt was attached to each lamp, 
and the higher potential associated with such a connection would 
increase the danger of shock to those who might come in contact 
with the circuit. 



Fig. 12 


The Edison Three-wire System. If the lamps in any incan¬ 
descent lighting system are divided into two groups and these 
groups are connected to a three-wire system as shown in Fig. 12, 
all the disadvantages of the series connection noted above are 
eliminated. The current in the neutral wire will be zero if the 
current in each group of lamps is made the same and the efficiency 
of transmission will equal that of a two-wire 230-volt system. 
Danger of shock is removed by grounding the neutral wire so that 
the potential to ground from either outside wire is limited to 115 
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A balanced three-wire system designed to replace a two- 
volts- .«+ m (the power transmitted, length of line, power loss in 
wire sys en^ ntial at the lamps being the same in each case) 

the hue a ^ of copper equa l to 37.5 per cent of that required 

req^two-wire system. Although the neutral wire of a balanced 
by t ie conducts no current it is usually made equal in size to either 
Sy f Tie wire so that it may in an emergency carry as much current 
° U either outside wire. Motors supplied from a three-wire system 
^usually connected between the outside wires. 

* Fuses should not be installed in neutral wires because an opening 
’ the neutral wire with an unbalanced load will also unbalance the 
m tentials at the load. Lamps and motors connected between the 
outside wires and the neutral wire may be burnt out and under 
favorable conditions fires may be started. 

Practice problems with answers for Chapter I will be found on pages 22 < to 234. 


CHAPTER II 
ELECTROMAGNETISM 

The Magnetic Field. A change in the magnitude of the cur¬ 
rent flowing in any circuit is accompanied by a conversion of 
electric into magnetic energy or the reverse; with an increasing 
current electric energy is converted into magnetic energy and with 
a decreasing current magnetic energy is converted into electric 
energy. The magnetic energy thus converted from electric energy 
with an increasing current is distributed throughout the limitless 
space or field surrounding the circuit and manifests itself by a force 
action on an electric current or on certain materials located in that 
space. Any region in which such force action is manifested on an 
electric current or on certain materials is called a magnetic field. 

Magnetic Flux. The force action associated with a magnetic 
field is ascribed to the reaction between the electric current placed 
in the field and a fictitious magnetic flux which is assumed to perme¬ 
ate the field of magnetic energy. The force action on certain 
materials placed in a magnetic field is attributed to the same 
reaction, the current reacted upon in this case being concealed 
within the atomic structure of the material. Unit magnetic flux 
may be visualized as a continuous tube of variable cross section 
and the path of such a tube may be indicated by a line which repre¬ 
sents the axis of the tube. A single tube of magnetic flux or unit 
magnetic flux is called a maxwell and the axis of such a tube is called 
a line of flux. It should be noted that the flux permeating an area 
smaller than the cross section of a single tube at any point may be 
less than one maxwell and that the flux permeating any area will 
also depend upon the position of the area in space. 

Magnetic Flux Density. The force acting upon a current 
placed in a magnetic field is proportional to the magnitude of the 
current, the length of the wire conducting the current, the position 
of the wire in the field, and the strength of the magnetic flux. The 
conception of magnetic flux suggests that its density be taken as a 
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re of the force effect of magnetic energy. Since the force 
m ®i on on an electric current varies directly with the density of 
the magnetic flux this force action may be taken as an arbitrary 
measure of the magnetic flux density at any point in the field. If 
w j re s centimeters in length conducting a current of I amperes 
is placed in a magnetic flux of uniform density along the wire and 
the force acting normal to the wire is F dynes the magnetic flux 
density normal to the plane of the wire and the force is defined by 

10 F 

35 B = « ausses - 

Unit magnetic flux density, the gauss, equals one maxwell per 
square centimeter. The relative directions of the flux density 
(B), current (/), and force (F) are shown in Fig. 13. If the direc¬ 
tions of the current and the force are indicated respectively by 
the middle finger and the thumb of the left hand the direction of 




the flux density normal to the plane of the'current and the force 
is indicated by the forefinger. The direction of the magnetic flux 
at any point in space is normal to that plane of the current and 
the force in which the force acting on the current is a maximum. 
The flux density at a point is a maximum in the direction of the 
m agnetic flux at the point. 

Force on a Current Placed in a Magnetic Field. The force 
acting normal to a current element ds centimeters in length and 
conducting a current of I amperes placed in a magnetic field of B 
gausses maximum flux density when the directions of the current 
an flux density differ by the angle a (Fig. 14) is given by 


36 


BI ds sin a 

dt = -—-dynes. 

10 
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Flux Density Due to a Current Element. Having defined the 
magnitude (Formula 35) and the direction (Fig. 13) of the mag¬ 
netic flux density at a point in space due to any invisible source, 
the magnitude and direction of the flux density due to a particular 
current may be determined experimentally by measuring the force 
exerted upon a current of definite magnitude and length placed at 
the point in question, the flux density being calculated by 35 and 
the direction determined by Fig. 13. An exploration of the mag¬ 
netic field surrounding an electric current in- 
. dicates that the flux density at any point (Fig. 

7i 15) is proportional to (1) the current (7) which 

w has established the magnetic flux, (2) the 

-J / length of the current path (ds), (3) the sine 

of the angle (a) between the extension of the 
/ N* s s N B line joining the point and the current element 
/ and the direction of the current, (4) the char- 

(down) acter of the medium in which the point is lo- 
Fig. 15 cated (this magnetic property of the medium is 

called its permeability [/lx]), and is inversely 
proportional (5) to the square of the distance ( x) from the point 
to the current element. If the current is measured in amperes and 
the length of the current path and the distance from the point to 
the current element in centimeters the flux density at the point is 
given by 


f/j. sin a ds 


gausses. 


If a second current flowing away from the observer should be 
placed experimentally at B in Fig. 16, a force 
would be exerted on this current toward 7. Then I 
from the left-hand rule, Fig. 13, it is found that 8 

the direction of the flux density at a point due Vl/ 
to a current element is perpendicular to the 
plane of the current :element and the point and p IG jg 
is clockwise in direction when the current flows 
away from the observer (see Fig. 16) and counterclockwise in 
direction when the current flows toward the observer. 

Permeability of a Material. The flux density due to a current 
at a point located in space filled consecutively with various materi- 
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• sensibly the same for most materials but is materially 
^sed when certain materials fill the space; notably, iron, 
* n< ' r ° |t n j c kel and certain alloys of these metals with aluminum. 
CQl increased flux density resulting from the introduction of any 
^terial into the space in which the point is located is attributed 
® a ma gnetic property of the material, called its permeability. 
The permeability of any substance is measured by the ratio of the 
flux density at a point in space filled by the material in question 
to the flux density at the same point in air due to the same current. 
Hence, the permeability of any substance may be defined by the 


T^material 

B al r 


It should be noted that it is not the permeability of the wire or 
of the material in the space between the wire and the point but 
the permeability of the material in the space surrounding the wire 
and including the point that increases the flux density at the 

point. 

The flux density in air, called the field intensity, is frequently 
given the symbol (77) and is measured in oersteds. The permea¬ 
bility of most materials is very nearly one and such materials are 
called non-magnetic. All materials of permeability greater than 
one are called paramagnetic and the permeability of such materials 
may be as high as 72,000 for electrolytic iron, 480 for nickel, and 
270 for cobalt. Certain alloys after appropriate heat treatment 
possess even higher permeabilities at low flux densities. The 
highest value (610,000) for commercial materials is obtained with 
“ 65 permalloy ” which contains 65% Ni and 35% Fe. Single 
crystals of pure iron and certain nickel-iron alloys have permeabili- 
hes exceeding one million. The permeability of all magnetic 


materials is comparatively low when placed in a magnetic field of 
high field intensity. When certain materials are placed in space 
formerly occupied by air the flux density in this space is decreased. 
Materials possessing this property (bismuth is the best example) 


re called diamagnetic and the permeability of such materials is 
8 ghtly l ess than one. 

Flux Density Due to a Current Path of Any Shape. The flux 
ensity produced at a point in space by a current path of any 


24 


ELECTROMAGNETISM 


length or shape may be determined in any case by integrating the 
flux densities at the point due to the elements of the current path. 
The results of such integrations of 37 are given for certain cases 

as follows: 

Case I. Flux density at a normal distance of a centimeters from 
the axis and outside of a straight wire 

_ T (Fig. 17) conducting I amperes and 

surrounded by a medium of permeability 
? I / (m). 

'Alrj' 


Fig. 17 


39 B = — (sin 0i + sin 0 2 ) gausses. 
10 a 


When the distance from the wire to the point is negligible com- 

_ 0.2 In 

pared to the length of the wire, sin 0i + sin 0 2 = 2 and B - ^ 

gausses. 


' r \ 

_ 


©©©©©©© 


® ® ® ® ® ® © 


Fig. 18 


Fig. 19 


Case II. Flux density on the axis of a single turn of wire (Fig. 
18) r centimeters in radius conducting I amperes and surrounded by 
a medium of permeability (g). 

0.628 In sin 3 9 

40 B - -gausses. 

r 

Case III. Flux density on the axis near the middle of a long 
solenoid (Fig. 19) wound uniformly with n turns of wire per cen¬ 
timeter length of axis, each turn conducting I amperes and sui- 
rounded by a medium of permeability ( n)■ 

41 B = 1.20 nln gausses. 

Case IV. Flux density at a point distant r centimeters from the 
axis of and within a toroidal coil (Fig. 20) of N turns conducting 
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a current of 1 

ability 0*)- 
42 


amperes and wound upon a toroidal core of perme- 


0.2 Nln 

B = -gausses. 

r 



Fig. 20 


Fig. 21 


Energy Converted by a Variation in the Flux Linking a Current. 
The force acting on a wire (Fig. 21) ds centimeters in length con¬ 
ducting a current of i amperes and placed in a plane normal 
to a magnetic flux of B gausses flux density, from 36, is given by 

dP = —dynes. The direction of the force, from Fig. 13, is 

toward the right. The work done in moving the wire in the plane 


to the left a distance of dx centimeters is given by dw 


Bi ds dx 

10 


ergs. 

Since a magnetic field is permeated by continuous tubes of flux 
the change of flux (d<t>) surrounding or linking the displaced wire is 
B ds dx maxwells. The work done on the wire during its dis¬ 


placement is then given by 


ergs anu represenis 


energy converted when the flux linking a current is changed by d<t> 
maxwells. The energy converted by changing the flux linking 
^ turns of wire is therefore given by 


43 


dw 


Ni d(j) 

10 


ergs. 


During an increase of flux the electric circuit loses energy and 
a decrease of flux the electric circuit gains energy. If the 
current (i) i n 43 maintained at a constant strength of I amperes 
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while the flux linking the N turns is changed by a finite amount 
A4> maxwells, the energy converted by the change in flux, from 43, 
is given by 

NI A4> 

44 w = — — - ergs. 

If the current (?) in 43 varies in strength while the flux linking 
the N turns is changed, the energy converted during a simultaneous 

Nr 

change of current and flux is given by w = — It d<f>. When the 

10 A 

flux linking an electric circuit is established by the current flowing 
in the circuit, the flux may be expressed by some function of the 
current and the energy converted during any change in the current 
may be determined by integration. 

The flux linking any circuit located in a medium of constant 
permeability, from 37, is directly proportional to the current, or 

NK r NKi 2 

<j) = Ki. Since d<t> = K di, w = —— I i di and w = , the 

10 J 20 

limits being the initial and the final values of the current. The 

energy converted when the current in N turns of wire is increased 

, r . , . NKP , . 

from zero to I amperes is then given by w = ergs and, since 

zu 

= KI, the energy converted is also given by 


The establishment of a current in any circuit is thus accompanied 
by a conversion of electric into magnetic energy, the amount of 
energy converted in any case being given by an integration of 43, 
and when the permeability of the surrounding medium is constant, 
by 45. When the current in any circuit is interrupted the magnetic 
energy stored in the surrounding medium is again converted into 
electric energy, either in whole or in part, depending upon the 
nature of the surrounding medium. 

Space Distribution of Magnetic Energy. The magnetic energy 
(IF) stored within the internal core of a toroidal coil (Fig. 20) 
of N turns conducting a current of I amperes (the permeability 



magnetomotive force and reluctance 


27 


luroe ( 7 ) of a toroidal core of r centimeters mean radius and A 
V ° re centimeters cross-sectional area when the area is small 
compared the radius of the core is 2 irrA cubic centimeters. 
The magnetic energy per cubic centimeter (w) stored in the toroidal 

! „ mi NBI 

core is therefore given by w = = — ergs per cubic 

centimeter. The flux density in such a core, from 42, is given by 

__ g ausses . Substituting for I its equivalent, , 

D r Nfi 

NB 5 Br 

w =-- and the magnetic energy per cubic centimeter 

40 7i r Nn 

stored in any medium of constant permeability is given by 
B 2 

46 w = -— ergs per cubic centimeter. 

8 7T /I 

Magnetomotive Force and Reluctance. Since the unit of 
flux, the maxwell, may be represented in space by a continuous 
tube of variable cross section the magnetic flux or the aggregate 
of the constituent tubes of flux may also be represented in space 
by a continuous volume of variable cross section. The magnetic 
energy (IFi) stored in any longitudinal section of this volume, U 
centimeters in length, Ai square centimeters in cross-sectional 
area, and filled with a medium of constant permeability (/n) 
(multiplying w in 46 by the volume of the section) is given by 
w Wi 

Wl = ~8 Trfj. ergS ’ The t0tal ma S netic energy stored in the mag¬ 
netic field surrounding a circuit of N turns conducting a current of 
I amperes (the permeability of the surrounding medium being 

constant), from 45, is given by W = —— ergs and must equal the 

sum of the energies stored in the constituent parts of the magnetic 

field n mi 

d. Hence —— = —- 1 - —-f- etc. ergs. Though the 

A) 8 71-jUj 8 7T/X2 

U . x density throughout a magnetic field may vary from point to 
Point the flux through any cross section of the magnetic circuit 
constant. Hence $ = BiAi = B 2 A 2 , etc., 

and = ^ 

20 8 TTfJLiA l 8 TTHiA 2 


+ etc. 
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Then 


or 

47 



The resultant magnetomotive force (mmf) (7) in a stated 
direction of several independent coils of wire wound upon the same 
magnetic circuit and conducting different currents is given by 

48 7 = 1.26 (±NJi ± N 21 2 ± etc.) gilberts, 


where a positive or negative sign indicates that the associated 
mmf is acting respectively in the same or in the opposite direction 
to the stated direction. 

The resultant reluctance (91) of several longitudinal sections of a 
magnetic circuit of various respective lengths, cross-sectional 
areas, and permeabilities is given by 


^1 I2 

91 = —-—1 --—b etc. gilberts per maxwell. 

M1A1 fi 2 A 2 


The mmf required to establish a stated flux in a magnetic circuit 
of constant cross-sectional area (A square centimeters), length 
(l centimeters) and uniform permeability (m), from 47, is given by 

1.26 Nl = $— 7 . The number of ampere turns required per 
ixA 

centimeter length of the magnetic circuit is therefore given by 


50 nl = 0.796 — ampere turns per centimeter length of the mag- 
netic circuit. 

The Magnetization Curve. Since the permeability of all mag¬ 
netic materials varies with the flux density equation 50, when 
applied to such materials, contains three variables, nl, B, and fi¬ 
ll the corresponding values of B and nl are plotted for any material 
from test data nl may be determined easily without consideration 
of the value of n. The curve obtained from such plotted values 
of B and nl for any material is called the magnetization curve 
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22) of the material. Magnetization curves of various 
' aterials are given on page 223. It will be noted that when nl is 
^all, B increases sensibly in proportion to nl, but for higher 
values of nl, B increases less rapidly due to the decreasing perme¬ 
ability of the material. For all points above S on the curve the 
material is said to be saturated and for all points below S, unsatu¬ 
rated. The permeability of any material for any value of nl may 
be determined from its magnetization curve by substituting the 
corresponding value of B in 50 and solving for n- 



Fig. 22 


Fig. 23 


In magnetic computations, Formulas 47, 49, and 50 may be 
applied only when the permeability is unity or has definite known 
values. Computations for magnetic circuits containing para¬ 
magnetic cores must be made in general by the methods explained 
in the following paragraph. 

Typical Magnetic Computation. The magnetic circuit shown in 
Fig. 23 consists of cast steel, 20 inches in mean length and 4 square 
inches in cross-sectional area, and an air gap, 0.1 inch in length 
and with an assumed cross-sectional area the same as that of the 
steel. Suppose that we wish to determine the number of ampere 
turns that must be wound on the core to produce a total flux of 

360,000 maxwells in the core. The flux density is J j^’000 _ 
U 4X1000 

Kuomaxwells per square inch. From the magnetization curve for 
steel on page 223 the number of ampere turns per inch required 
or the above flux density is 50. The total ampere turns for the 
®®®t steel alone will then be 50 X 20 = 1000 ampere turns. For 
. e 8a ®e flux density (page 223) the number of ampere turns per 
c h for the air gap is 142 X 200 = 28,400 ampere turns and for 
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0.1 inch it will be 0.1 X 28,400 = 2840 ampere turns. The total 
number of ampere turns required to produce a flux of 360,000 
maxwells will then be 1000 + 2840 = 3840 ampere turns. 

In the converse problem suppose the number of ampere turns 
wound on the same magnetic circuit is 5000. The total flux is 
obtained only by “ cut and try.” Let us assume that the flux 
density will be 100 kilomaxwells per square inch. Then from 
page 223, the cast steel will require 105 X 20 = 2100 ampere 
turns and the air gap will require 158 X 200 X 0.1 = 3160 
ampere turns. The sum is 5260 ampere turns. For the second 
trial assume the flux density to be 98 kilomaxwells per square inch. 
The number of ampere turns required for the cast steel will be 
95 X 20 = 1900 and for the air gap, 155 X 200 X 0.1 = 3100. 
The sum is 5000 ampere turns and the total flux will be 98,000 X 4 
= 392,000 maxwells. 



Fig. 24 


When the magnetic circuits contain several branches as shown 
in Fig. 24 and the flux densities ( Bafe , B AE , and Bedca) are given, 
the magnetic potential from A to E is the same by any path. 
Assuming the material to be wrought iron all determinations of 
the required ampere turns per inch will be obtained from the 
wrought iron curve on page 223. Then -\-NJi — nl per inch 
(corresponding to B AFE ) X length ( AFE) = +N 2 I 2 — nl per 
inch (corresponding to Bae) X length ( AE) = -\-nI per inch 
(corresponding to Bedca ) X length (AC + DE) + nl per inch 
(corresponding to Bedca in air) X length (CD). If, conversely, 
the number of ampere turns (NJi and N are given the flux 
density in each branch must be assumed and corresponding values 
of nl per inch must be substituted in the above equations until 
Nih and N 2 I 2 agree with the stated values. The assumed values 
of the flux densities must conform to the general principle that the 
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total flux (not flux density) flowing into a junction must equal 

that flowing away. 

The Hysteresis Cycle. If the mmf per centimeter applied 
to any magnetic material is increased until the flux density reaches 
an y value (such as +B m in Fig. 25) and is then reduced to zero, 
the values of B corresponding to the decreasing values of nl will 
be represented typically by the curve connecting -\-B m with B p . 
At the point B p the material retains a part of its former flux density 
in the absence of any external mmf and is called a permanent 



magnet. The property of any material by which it retains a part 
of its former magnetic flux after the mmf force is removed is called 
its retentivity. The greatest retentivity in magnetic materials 
having air gaps is found in hard steels and the least in soft iron. 
The most powerful permanent magnets consist of a granular alloy 
°f iron, cobalt, nickel, and aluminum. 

The magnetic energy converted from electric energy during the 
application of an increasing mmf to a non-magnetic material (such 
materials possess no retentivity) is again converted into electric 
|*ergy when the mmf is removed. In a magnetic material part 
o the magnetic energy is reconverted into electric energy and 
®rest remains stored in the magnetic circuit containing the 
^netic material. If the mmf is now increased in the opposite 
t Action the associated changes in flux density will be represented 
jlj.ly b y the curve (Fig. 25) connecting B„ with - B rn . A 
Uetion of mmf to zero, reversal, and increase in the initial 
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direction again will bring the flux density back to +B m along the 
lower curve (Fig. 25) connecting — B m with +B m . The complete 
sequence of changes in B corresponding to nl represented in Fig. 25 
is called the hysteresis cycle of the magnetic material and its 
graphical representation is called a hysteresis loop. 

During the hysteresis cycle the magnetic energy not reconverted 
into electric energy is converted into heat. The energy lost in this 
manner in a magnetic material subjected to a reversing mmf (by 
applying the principle stated in 43 to a cubic centimeter of the 

. rnl dB , . 

material) is given by w = line / ——— ergs per cubic centimeter, 

J lu 

or the area enclosed by the hysteresis loop divided by 10. Since 
most types of electrical machinery contain a reversing magnetic 
flux it is important economically to choose a material having a 
hysteresis loop with a small area. Very pure iron has a hysteresis 
loop of small area but its cost is prohibitive. A fairly pure iron 
containing from 3 to 4 per cent of silicon is usually adopted because 
it has both low cost and low loss. 

Magnetic Poles. The surface separating any two materials of 
different permeabilities and permeated by a magnetic flux is the 
apparent seat of a force acting upon magnetic materials and such 
a surface is called a magnetic pole. The surface through which 
the flux leaves a magnetic material of higher permeability is called 
a North pole and the surface through which the flux enters a mag¬ 
netic material of higher permeability is called a South pole. 

Force Between Two Magnetic Poles. When two magnetic 
materials are in contact or separated by an air gap and the flux 
density normal to the adjacent surfaces of the magnetic materials 
is B gausses the flux density will not be changed by a finite amount 
if the distance between the adjacent surfaces is increased by dx •! 
centimeters. If the area of each of the adjacent surfaces of the 
magnetic materials (Fig. 26) is A square centimeters the volume 
of the air gap will be increased by A dx cubic centimeters. Since 
the additional energy stored in each cubic centimeter of the 

B 2 

increased air gap, from 46, is — ergs (the permeability is 1 whether 

8 7T 

the surfaces are touching or not), the energy of the magnetic 

.Z?2_/4_ doc 

circuit as a whole is increased by —--ergs. If F is the force 

8 7T 
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required to increase the length of the air gap by dx centimeters 
^jje work done in moving one of the poles that distance will be 
„ , B 2 A dx 

f dx ergs. Hence b dx — ^ ^ and the force between the two 

poles is given by 

F B2A A 

51 b ~ dynes. 

O 7T 



b 

— 





: -bTs 


Fig. 26 


Fig. 27 


In Fig. 27, the force acting on the wire, from 36, is given by 
BI ds sin a , 

dF ~ Jo dynes ' If B is Produced by /, then I may be 

expressed as a function of B and the force acting on the wire is 
proportional to the square of the flux density. It will therefore 
be noted that the force between a wire conducting a current and 
a magnetic material, in which the flux is established by and is 
proportional to the same current, is also proportional to the square 
of the flux density established in the material. 

eneral Principle of Force Action in a Magnetic Field. The 

i^wS Ctl n S m UPOn a CUrrent ° r a magnetic material placed in a 
fi t 6 d 1S m SUch a directl0n as to increase the flux linking 
the fr* ent 0r permeatlng the magnetic material. The source of 
with rCe af ' tlo n is actually the same in a magnetic material as 
constihu ' 111 a maKnetic material the spinning electrons 
flux c,, carrents whlch mact with the permeating magnetic 
materia ?Tf ° f magnetic ori « in also exist in non-magnetic 

HKtion • tHe VeCt ° r SUm ° f the individual forces in any 
under fh The s P in mng electrons in a magnetic material 

Position 10 !? 0nC0 ° f the P er meating flux become oriented in 
the indiv °i , Under incre asing magnetization more and more of 
laual forces act in the same direction. When saturated 
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practically all the electrons involved spin in the same direction and 
further magnetization produces little effect. Most of the spinning 
electrons in soft iron with an air gap will turn back to their former 
neutral position when the permeating flux is removed. In hard 
steels most of the spinning electrons will remain oriented after I 
the permeating flux is removed and we have a permanent magnet. I 
Demagnetization may be produced only by applying an alternating I 
flux of decreasing magnitude while the specimen is turned into all I 
possible positions. 

The understanding of the general principle of force action will be I 
strengthened if the reader will apply it to each of the following I 
cases and verify the stated results. 

Case I. A wire conducting a current. 

a. A bent wire will tend to straighten. 

b. A circular wire will tend to increase its diameter. 

c. A coil of two or more turns will tend to become more com- I 

pact. 

Case II. Two wires conducting currents. 

a. Force of attraction between two currents flowing in the 

same direction. 

b. Force of repulsion between two currents flowing in opposite I 

direction. 

c. Two currents making an angle with each other will tend to I 

twist into the same plane with their currents flowing in I 
the same direction. 

Case III. A wire conducting a current, and a material. 

a. A paramagnetic material will be attracted by the current to 

a position where the flux density due to the current is a 
maximum. P 

b. A diamagnetic material will be repelled. 

c. A permanent magnet will tend to turn into a position such | 

that the flux permeafllng it due to the wire and itself will 
be a maximum. 

Case IV. A permanent magnet and a material. 

a. A paramagnetic material will be attracted toward the 
nearer pole of the permanent magnet. 
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b. Several paramagnetic materials will be attracted as in (a) 

and also by each other, forming several chains. 

c. Each pole of another permanent magnet will be attracted 

by the opposite pole and repelled by the like pole of the 
original permanent magnet. 

Practice problems with answers for Chapter II will be found on pages °3A to 
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ELECTROMAGNETIC INDUCTION 

Emf Generated or Induced in a Material. It was demon- 
strated on page 25 that the work done in moving a wire ds centime¬ 
ters in length conducting a current of / amperes through a mag¬ 
netic field of B gausses flux density a distance 
‘ 'B of dx centimeters to the left, as shown in Fig. 

Bz ds dx 

i 28, is given by dw = ——— ergs. The work 

-(T) f „ . 10 

^ done upon a wire of finite length (s centimeters) 

1 Bzs dx 

is then given by dw = ——-— ergs. The power, 


_ 00 or rate at which work is done on the wire in 

Fig. 28 ... . . . 

moving it dx centimeters in dt seconds, is there- 

Bzs dx Bzsv 

fore given by P = ———- ergs per second or —— watts, where 
5 17 10 dt 10 8 ] 

v is the velocity of the wire in centimeters per second. 

The mechanical energy thus expended in moving the wire is 

converted into electric energy of the same amount which appears 

within the wire and its associated circuit. Hence the electric 

power developed by the motion of the wire in the magnetic field 

is also given by P = watts and, since the process is reversible, 

Bisv Bsv I 

the emf generated in the wire, from 1 , is given by e = or 

volts. If N conductors connected in series are moved simul-J 
taneously through a magnetic field under the conditions indicated I 
in Fig. 28 and the emf generated in each conductor acts in the 
same direction in the series connection the total emf is given by I 

NBvs 

52 e = —— volts. 

10 8 
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Since each moving conductor (Fig. 28) is a source of electric 
power the direction of the emf (defined on page 3) is the same 
as that of the current. The rela¬ 
tive directions of the motion (if/), bA B f[ 

the flux density (5), and the emf M ‘k. / 

(E) are shown in Fig. 29. If the <<rO\7 

directions of the motion and the m._ Y 

flux density are indicated respec- \J_y \ 

tively by the thumb and forefinger 'cr=^i 

of the right hand the direction of Fig - 29 

the emf is indicated by the middle finger. 

Since a magnetic field is permeated by continuous tubes of flux 

the rate of change of the flux linking the N wires when mov¬ 
ing at a velocity of a centimeters per second is Bvs maxwells per 
second and the emf generated in the N moving conductors or 
induced in the N conductors when the flux linking them changes at 
dtp ^ 

a rate of — maxwells per second is given by 

cq N dxf) 

‘’■ISa voIts - 


The direction of a generated or induced emf may be determined 

bJaph nght ~ h r n< ? mle 01 by the principle that the emf produced 
Ski _ an ® m f tnkage flux acts in such a direction as to oppose (bv 
urrent it tends to establish) the change of linkage flux The 

jrr of ‘ i r ra f, is tw ° re b >- <“**«»» °f «iTc„™ 

11 th? , ml1 “ tabl “ h » *> ««* » direction * to J" 

Emf T T”? magnitude and dlrec tion of the linkage flux 

Whe^the A"" 3 ^ by 3 Ch3nge ° f Current in the Same Wire, 

the flux linking JV turns of wire is directly proportional to the 


■*»» flowing in the >vire _ , , Ki and ^ > k|. The emf 
the N turns of wire when the current flowing in the wire 

if* ^ a mtC (I ampCrCS per second )> from 53. is given by 

6 = di 

10 * 2 t volts. Since N, K, and 10 8 are constants (N and K are 
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constants of the circuit), a single constant (L) may be substituted 
NK 

for and this constant is called the self-inductance of the cir¬ 
cuit, measured in henrys. In any circuit of L henrys self-induct¬ 
ance, the emf induced in the circuit when its current changes at a 
dt 

rate of — amperes per second is therefore given by 
at 


54 



volts. 


The direction of the self-induced emf, in accordance with the 
general principle stated under 53, will be such as to oppose the 
change in linkage flux or the change in current. It will be noted 
that the self-inductance of a circuit produces a steadying effect 
upon the current and is analogous to the mass property of matter 
which steadies the motion of matter through space. 

The Self-inductance of a Wire. The self-inductance of any 
formation of wire may be determined from the ratio of the flux 
linking the wire to the current flowing in the wire which produces 

the linkage flux. This ratio (K) 
multiplied by the number of turns 
(. N ) linked by the flux and di¬ 
vided by 10 s gives the self-induct¬ 
ance of the wire. The value of K 
p IQ 30 may be determined by an integra¬ 

tion of 37; the self-inductance of 
two parallel wires, for example, conducting the same current in 
opposite directions (the transmission line), determined by inte¬ 
grating the flux permeating the space between the wires and 
the wires themselves, is given by 

55 L — |^0.0805 + 0.741 log —J 10 -3 henrys per wire per mile. 

D is the distance between the centers of the wires and r is the 
radius of each wire, D and r being measured by any unit of length 
provided the same unit is used for both. 

In simpler cases, K may be determined by substituting the con¬ 
stants of the circuit in 47. In a long solenoid of wire (Fig. 30)> 
from 47, assuming the reluctance of the magnetic circuit outside 
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0 f the coil to be negligible 

* = 1 - 2( ' A7 _ f 1.26 iV,U.4\ 
l \ l 1 


Hence 


R = 1-26 NyA 
l 

T _ 1.26 N^A 

~ ~TxW henrys - 


It will be noted that the self-inductance of any formation of 
wire depends upon its geometrical constants and the nature of the 
surrounding medium. The self-inductance is independent of the 
current if he wire la surrounded by a medium of constant per- 
meabihty but if the permeability of the medium is not constant 
the se f-mductance of the wire is a variable depending „p„„ the 
magnitude of the current. The self-inductance of any format on 
of wire linked by * maxwells (*«/) when conducting I amperes? 
substituting - for K in L - M, is giv „ by 

57 T m 

~ Twl henrys - 

In ^ in f , a Wire by a Chan ge of Current in Another Wire 

n*. 31 if the flux (*) linking coil ( 2 ) due to , current («?„ 

( 1 ) ( 2 ) 

Fig. 31 

^R 1 ) is directly proportional to i h or 0 2 = K'i h then ~ = R' — 

and fr °m 53 e , = ^ Q . , dt dt 

(IV, is ’ 10 s dt ' ™ nCe K> , and 10 s are constants 

■constant of coil (2) and K' is a constant involving the 
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geometrical constants of both coils and the nature of the surround¬ 
ing medium) a single constant (J1 /) may be substituted for ~~~~ 

and this constant is called the mutual-inductance of the two coils, 
measured in henrys. In two circuits of M henrys mutual-induct¬ 
ance the emf induced in one circuit when the current in the other 

, dii .... 

circuit changes at a rate of — amperes per second is given by 

at 

58 fit — M ~~ volts. 

at 

The Mutual-inductance of Two Wires. The mutual-induct¬ 
ance of two formations of wire may be determined from the ratio 
of the flux linking wire (2), due to a current (h) in wire (1), to the 
current in wire (1). This ratio (K ') multiplied by the number of 
turns in wire (2), linked by the flux established by the current in 
wire (1), and divided by 10 8 gives the mutual-inductance of the 

two wires. The value of K' may be 
( 2 ) determined by an integration of 37 
A fi H H H n/\ or > in Simpler cases, by substituting 
| (1) the constants of wire (1) in 47 and 

p iG 39 determining the amount of flux due 

to the current in wire (1) that links 
wire (2). In the case of two long solenoids wound together on the 
same core (Fig. 32) the flux (4>,) due to the current (7i) flowing in 
solenoid (1), from 47, is given by 

1.26 NJi /l.26iViAm4A T 

— or \ T, ) 

n\Ai 

Since the same flux links solenoid (2), 

1.26 NitnAi 

K ‘ I 

and 

rn i, 1.26 N\Ni\x\A\ 

59 M = — -henrys. 

h X 10 8 J 

Self-inductance of a Series Connection. Given the self- 
inductances (L\, L 2 , Li, etc.) of the respective parts of a series con- 
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Fig. 33 


Li — L\ -f- 


pection in which there is no mutual-inductance between the resnec 
tiv e parts the resultant self-inductance of the series connection is 

given by 

60 L = L\ Li Li -\- etc. henrys. 

If two coils are wound on the same core of_ 

constant permeability as showm in Fig. 33 and f 

all the flux due to one passes through the other, ^- 

the self-inductances may be represented, from ^-’ N ‘ 

56, by Li = k Nr and L 2 = kN 2 2 , the constant 7 - » 

(jfc) being the same for each coil. If these coils La< -> Nz 

are connected in series, with their fluxes in con- ^ - 

junction, the resultant coil will have (Ni -f- N 2 ) l 
^ turns and its self-inductance will be L 3 = k(N 
+ N 2 )> = kNi 2 + 2 kN:N 2 + kN 2 \ Since N, = ^ 33 

fjj and N * = yj§> 2 kNJf, = 2VIJ7, and L 3 = Ll + 

WZ^Li + L 2 . It will be noted, from 59, that M = M l N 2 = 

v t J lLs2‘ 

If the coils are connected in series but with their fluxes opposing 
theresultant coil will have ( Nl - N 2 ) turns and L 3 = Ll - 

2VL 3 L 2 + L 2 . The mutual-inductance of two coils is directlv 
proportional to the percentage p (expressed as a decimal) of the 
flux due to one coil that links the other. The mutual-inductance 
5r 7 f0r any de S ree of coupling will then be pV^L, Takimr 

"‘ he condit r s the J S 

nueciea in series is given by 

61 

L — Li ± 2 pV L\L 2 -(- L 2 henrys 
80 mutual-inductance is given by 

62 

M = pV LiL 2 henrys. 

m0 + re . C0iIs are c o™ected in series the self-induct- 
coils is.obtained mPU ^ m PairS by 61 UDtU the resuItan t of all the 

a P araIlel connection depends 
connection a , t amon S the Parts of the parallel 

and cannot be stated in terms of the respective self- 
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inductances of its constituent parts. This subject is discussed 
further on page 113. 

Energy Required to Establish a Current. When the flux (4) 
linking the N turns of an electric circuit is directly proportional to 
the current (I) flowing in the circuit, the energy converted from 

Nil mi 

electric to magnetic, from 45, is given by W = ergs or --— 

Ji\) L X lu 

NKI 2 . NK 

joules. Since $ = KI, W = -—- and, substituting L for —— > 

2 X Id Id j 

63 W = ^ LI 2 joules. 

Potential between Two Points in a Series Connection Conduct¬ 
ing a Variable Current. When the current flowing between the^ 
two points a and b in Fig. 34 is constant the potential between 


-H r 


Fig. 34 


a and b, from 6, is given by V a t, = + E — IR. If the current 
flowing from a to b is variable and the series connection between 
a and b possesses self-inductance, the potential between a and b, 
combining 6 and 54, is given by 


64 v a b — ~E — iR — L — 

at 

where E, i, and R are defined as in 6, L is the self-inductance 

di. di 

between a and b, and — is the rate of change of the current: — is 
dt dt 

positive when the current flowing from a to b is increasing and is 

negative when the current flowing from a to 6 is decreasing. 

Current Flowing at Any Instant in a Series Connection. In a 

series connection containing a constant emf (E), resistance (/£), 

and self-inductance (L), as in Fig. 35, the potential between .the two 

points a and b becomes zero when the switch is closed and, from 

di .... 

64, +E — iR — L — = 0. This is a linear differential equation 
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of the first order and first degree, and its solution gives 

• E( _*?\ _nt 
^ 1 ~ e L ) + It L amperes 

where i is the current flowing in the circuit t seconds after any 
change is made (such as closing the switch), e is the base of the 
natural system of logarithms (2.718), and / is the current flowing in 


i 



Fiq - 35 Fig. 36 




the connection at time {t = 0) in the direction of the ultimate 
current. I is negative if the original current flows in the opposite 
direction to the ultimate current. 

If the current flowing in the circuit when the switch is closed 
j (t = 0) is zero, 65 reduces to 


E / 

-id 1 -* V 


amperes. 


The curve represented by 66 is plotted in Fig. 36 and indicates 
that the current in such a circuit increases from zero to its ultimate 

vaJue at a diminishing rate. The time required for the current 

to reach its approximate ultimate value (an infinite time is required 

to reach its actual ultimate value) is proportional to the ratio ^ , 

called the time constant of the circuit. When - is small, the cur- 

R 

rent increases rapidly and when - is large the current increases 
slowly. 
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Tf the switch in Fig. 35 without an external connection is sud- 
deSy to a', as in Fig. 37, the emf (E) in 65 is ehnunated 

from the circuit and 65 reduces to 

_ Rt 

67 i = It L amperes, 

, • ■ piirrent flowing in the circuit t seconds affAr the 

where » is the current nom g , is the curren t flow- 

switch is thrown to a , ti equals m t 2 » 

ing in Ri and L at time (f = 0). 




Fig. 37 


Fig. 38 


The curve represented by 67 is plotted in Fig. 38 and indicates 

- - -r 

- -r to reKh “ ro 

exactly) is proportional to the ratio + R J> called 

the time constant of the circuit. When is sma11 ’ the CUI " 

rent decreases rapidly and when the current de- 

'Tncelhl^itial value of the current flowing throu# Ri, L and 
is the same as that flowing through Ri and L just before 
emf (F) was eliminated from the circuit, the initial potentia 
between a' and b' (v a . v = -IRJ may be many times grea 
than the original emf impressed upon the circuit. 

Practice problems mth answers for Chapter III will be found on pages 238 to 

m- 
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THE DIRECT-CURRENT DYNAMO 

Application of the Dynamo. A dynamo is designed for the 
continuous conversion of mechanical into electric energy or the 
reverse. When mechanical energy is converted into electric 
energy the dynamo is called a generator and when electric energy 
is converted into mechanical energy the dynamo is called a motor. 
The power delivered from a dynamo is called its load. Generators 
are usually driven at constant speed at all loads while motors may 
vary in speed with the load, the character of the speed variation 
always depending upon the type of motor. 

Construction of the Dynamo. The principal features of con¬ 
struction of direct-current dynamos intended for either generator 
or motor action are essentially the same. All direct-current 
dynamos contain a stationary structure called the frame and a 
rotating structure called the armature. The frame includes the 



(a) (6) (c) 

Fig. 39 


base, the field core, and the members which support the armature 
bearings. The field core, which forms part of the magnetic circuit 
of the dynamo, may contain a single path as in Fig. 39 (a) or 
several paths as in 39 ( b ) and 39 (c). The parts of the field core 
adjacent to the armature are called the field poles and the remain¬ 
der of the field core is called the field yoke. Dynamos may be 

45 
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46 THE DIRECT-CURRENT DYNAMO 

constructed with field cores containing any multiple of two field 
poles; examples of bipolar construction are indicated in Figs. 39 (a) 
and 39 (b) and an example of multipolar construction (a tour- 
pole field core) is indicated in Fig. 39 (c). The field core may con¬ 
sist of a single steel casting which includes the base of the dynamo 







Unwound Direct-current Armature. 

or may consist of several parts bolted together. The poles are 
usually constructed of laminated sheet iron and m most cases the 
entire field core is of laminated construction The armature core 

is built up of laminated 
sheet iron stampings keyed 
to a steel shaft or a cast 
steel spider attached to the 
cc’ shaft. 

Emf Generated in an 
Armature Conductor. The 

armature conductors of a 
dynamo are embedded in 
parallel slots on the surface 
of the armature core. The 



Fig. 40 


distribution of the flux density normal to the surface of the arma¬ 
ture core under two poles may be represented typically by the 
curve (B) shown in Fig. 40. Since the emf generated in a mov¬ 
ing conductor, from 52, is proportional to the flux density normal 
to its plane of motion, the emf generated at any iastant in each 
armature conductor as it moves from a to a' must therefore vary 
in the same manner as the flux density. The emf (curve e) gen¬ 


erated in each moving conductor is therefore zero at a, a positive 
maximum at b, zero at c, a negative maximum at d, zero at a', etc. 

emf which varies in this manner is called an alternating emf 
a nd is discussed in detail on page 97. It will be noted that the 
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wave form of the emf depends only upon the distribution of the 
flux density in the air gap. The flat-topped wave shown in Fig. 
40 is most desirable in a direct-current dynamo but a sinusoidal 
wave, as explained later, is the best form for an alternating-cur¬ 
rent dynamo. 

The Bipolar Drum Winding. To impress a direct emf upon a 
circuit connected to such a dynamo the armature conductors must 
be connected to each other and to the external circuit so that the 
emf’s of all conductors in the armature which are connected in 
series will act in the same direction throughout that connection 
at any instant and the positive terminal of each of these series 
connections must be connected continuously to the positive 
terminal of the external circuit. 

The manner in which these requirements are satisfied in the 
bipolar dynamo is illustrated in Fig. 41. The various conductors 
on the armature are connected front and back to form an endless 
winding, called a drum winding. Each front connection is attached 
to a segment in a multi-segment ring, called a commutator, and 
the connections to the external circuit are made through two 
brushes which rest upon the commutator at diametrically oppo¬ 
site points. The direction of the emf and, in consequence, the 
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direction of the current in each conductor is determined by the 
right-hand rule and is indicated in the figure. It will be seen that 
the negative brush, for example, must be located in the position 
shown so that the current flowing into the armature at that brus 
may divide and flow through two paths, one beginmng with 
conductor No. 1 and the other No. 6. 



Fig. 41 


For the position of the armature shown in Fig. 41, the armature 
conductors are connected to the external circuit as shown diagram- 
matically in Fig. 42. The emf generated in each conductor at this 
instant is shown in magnitude and direction in Fig. 43. Since the 


e 



Fig. 42 Fia 43 


emf generated in each conductor varies during one revolution as 
shown in Fig. 43 the individual emf’s generated in the various 
conductors at any instant are not necessarily the same. The 
aggregates of the emf’s generated in each path for any position of 
the armature are the same by reason of the symmetry of the wind- 
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General Electric Co. 


Direct-current Motor Armature, 


Westinghouse Electric and Manufacturing Co. 

Direct-current Motor Armature with Ventilating Fan. 


General Electric Co. 


Direct-current Motor Armature with Skewed Slots and Ventilating Fan. 
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ing , but arc not — ™ 

r‘ h — “Cthe of. the variation 

slightly as b f commutator segments is increased. 

Winding. The site oi the armature 

SSSSSE| 

I mf In he generated in the armature winding. W hen the 
"fcfZ^oTthe armature conduct becomes iarge by 



„ .. Fig. 45 

Fig. 44 


„ . +Vl „: r size or number the requisite diameter of the arma- 

turemay for many reasons suggest the use of a multipolar Add core 
Among the advantages ot multipolar windings are (1) a shorter 
magnetic circuit, (2) less current per brash because more brushes 
may be used, (3) easier placement in manufacture o cods spanning 

shorter m^polar held 

lot^pSulr^wnin Fig. 44) and a wave windrng (shown 

‘“tatiMtap winding the conductors are joined by alternate for¬ 
ward ami backward connections whereas in the wave wind,ng the 
conductors are joined by successive forward connections In the 
lap winding the number of paths (») and the number of brashes 



COMMUTATOR AND BRUSH CONSTRUCTION 


( b ) equals the number of poles (p). In the wave winding m = 2, 
and b = 2 or any even number of brushes up to p. Although two 
brushes may be employed theoretically in connection with the 
multipolar wave winding a shorter commutator is obtained by the 
use of p brushes. 


General Electric Co. 


Six-pole Direct-current Compound Generator without Shaft and Bearings. 


Commutator and Brush Construction. A commutator con¬ 
sists of a ring of copper segments clamped between two cast-iron 
spiders, the copper segments being insulated from each other and 
from the spiders by reconstructed mica. The number of commu¬ 
tator segments equals the number of armature conductors divided 
by an integer. Although it is desirable to employ as large a num¬ 
ber of commutator segments as possible to reduce the pulsations 
of the generated emf between brushes a large number of commu¬ 
tator segments implies a large diameter of the commutator and the 
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General Electric Co. 

Commutator Construction for a Direct-current Motor. 




General Electric Co. 

Brush Rigging for a Two-pole Direct-current Motor. 


EMF GENERATED IN A DRUM-WOUND ARMATURE 53 


number of segments may be limited by the speed of the brush over 
the surface of the commutator at which satisfactory commutation 
may be obtained. 

Brushes, usually made of carbon, are supported by brush holders 
which maintain sufficient pressure of the brushes on the commu¬ 
tator to obtain proper contact without excessive wear. The 


General Electric Co. 

Brush Rigging for a Four-pole Direct-current Motor. 

brush holders are attached to a brush yoke by insulated studs. 
The brush yoke is bolted to the frame of the dynamo and in some 
cases is adjustable as to position so that the brushes may be moved 
together through an angle around the commutator to improve 
commutation. 

Emf Generated in a Drum-wound Armature. If S equals 
the rotational speed of an armature in revolutions per minute the 

time required for one revolution is ^ seconds and the time required 
for one conductor to pass through the space between two consecu¬ 
tive interpolar planes is seconds. If d> is the total flux entering 

ps 

or leaving each pole the average rate at which each conductor cuts 
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$ 4>P(S 

magnetic flux is — or — - maxwells per second. The average 


emf generated in each conductor, from 53, is then given by 2? av = 

<$pS 

-volts. If there are Z conductors on the armature and m 

6 X 10 9 

paths between terminals there will be — conductors connected in 

m 

series in each path. Hence the emf generated in each path, or the 
emf generated in the armature, is given by 

_ Z$pS 

68 E a = --— volts. 

6 m X 10 9 


Dynamo Excitation. The magnetic flux which traverses the 
armature core, the air gaps, and the field core may be produced 
by a permanently magnetized field core or by passing an electric 
current through coils wound on the field poles. The source of the 
magnetic flux in either case is called the excitation of the dynamo. 
Excitation by permanent magnetism is limited (1) by the low flux 
density attained in this manner, (2) by its inflexibility of adjust¬ 
ment, and (3) by the tendency of the flux density to decrease with 
age, vibration, and temperature changes. Permanent excitation 
is used extensively, however, in small dynamos (called magnetos) 
in connection with gas engine ignition systems, in certain types of 
speed indicators, and in small motors. 

Armature Reaction. In any dynamo operated at no load the 
distribution of the flux density in the air gaps due to the ampere 
turns wound on the field poles will be symmetrical about the inter- 
polar plane as shown in Fig. 46. The nature of the distribution will 
depend upon the span and shape of the pole faces. 

When the same dynamo is operated under load the ampere 
turns on the armature will produce a flux (<t>„) perpendicular to the 
flux ($/) due to the main field. The mmf due to the ampere turns 
on the armature, called the armature reaction, produces two 
undesirable effects. It will distort the distribution of the flux 
density in the air gaps as shown in Fig. 47 and in consequence 
distort the wave form of the emf generated in each conductor on the 
armature. The increased flux density at the trailing pole tips 
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will saturate the poles in those regions and reduce the total fl„y 
cntenngand leaving the armature, and cause a similar Xtil 
of the generated emf. The reducing effect is usually meZZ 
by demagnetizing ampere turns. In a later discussion rf tte 



Fig. 46 


Fig. 47 


theoiy of commutation it will be shown that amdhary or com 
mutating poles may be added to a dynamo, which will compeiZe 

(self excitation). In either case (neglect¬ 
ing the effect of armature reaction) the 
field flux (4>/) corresponding to any 
value of field current (/,) will be repre-*, 
sented by a curve as shown in Fig. 48. 

Since the generated emf at any stated 
speed is directly proportional to the flux 
per pole, a plot of the generated emf (E a ) 
and the field current {I,) with the ar- 

Zw„ rC in P rS “ C °" stant ** 01 the same ** 

Corresponding values of generated emf and field current are 
P otted in Fig. 49 for a dynamo operated at constant speed If 

ernf d r m ° “ P , r0Vi<led by external of 

is of h d * generated in the armature of the dynamo 
B of the same magnitude (£.), it is evident (neglecting the resit 

tT.t ,h°e f 0 ™ “ nd lhe --tancc of the „mZe) 

dei^hXz" rrzr,x lhe “ if J 
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Shunt Field Current (Amperes) 


Fig. 49 


The Shunt Generator. A dynamo operating as a generator 
and self-excited by a field winding connected to the armature ter¬ 
minals as shown in Fig. 51 is called a shunt generator. It is usually 
unnecessary to employ an external source of excitation to obtain 
the initial generation of emf in the armature of the shunt genera¬ 
tor since the magnetic circuit will in general be traversed by a 
small amount of flux due to the permanent magnetism of the field 
core. A small emf will therefore be generated in the armature in 
consequence of its rotation and this emf will establish a small 
current in the field winding. If the mmf due to this field current 
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assists the initial permanent mmf the resultant flux will be increased. 


The generated emf, field current, 
simultaneously as shown in Fi°\ 
“ build up.” 



Fig. 50 


and field flux will then increase 
52 and the generator is said to 



Fig. 51 


In the circuit shown in Fig. 51, E. - i,R, + £, */_ whcre & 

■ m " StOP mcreasi "S 'ken i, Stops increasing or when 


dif 

-r- equals zero. 


This point on the magnetization curve may be 


determined graphically, as follows: Suppose the shunt fioU • * 
ance (including the rheostat) is 30 ohms and the tCM ' S " 

armature resistance in comparison is negligible jr 
Multiply any shunt field current, such as 3 am- 'N 

!on eS u f lg ' 49 ’ by 30 ° hms and find the emf ( ] 

(90 volts) required to establish that steady cur- \ t 

rent. We will then draw a straight line from _ J"* 

the origin through the (3 ampere-90 volt) point. F 
The intersection of this resistance line with the IQ ' 52 
jajgototjm oro gives the emf (120 volts) to which the emf will 
buifd up at an armature speed of 1000 rpm. It will be noted 
that when the shunt field current is 3 amperes for examnlc tbn 
generated emf iu ,06 vote. Sin „ e i)R , £ £ 

then !- — must be 16 volte and ~ has a finite value. When 
the generated emf reaches 120 volts, i,R c equals 4 X 30 or 120 volts 
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and L c — and, in consequence, ^ equals zero. If the resistance 
dt dt 

line and the magnetization curve do not intersect, the generator 
will not “ build up.” If a line is drawn from the origin tangent to 
the magnetization curve the ratio of any ordinate to this line to the 
corresponding abscissa is called the critical 

r i—|- resistance of the shunt field. When operat¬ 
ed i„f ing under that condition a slight decrease 

£o _in speed or increase in shunt field resist- 

( E “ ) Yt Load ance will cause the generated emf to drop 
jo to zero or to a small value due to residual 

N magnetism. 

■--- The armature current of a shunt genera- 

p 53 tor operated at no load equals the field 

current, but when a load is connected to 
the generator terminals the armature current equals the sum of the 
field current and the line current as shown in Fig. 53. The appli¬ 
cation of load to the shunt generator is accompanied by a decrease 
in terminal potential for the following reasons: 

(1) The terminal potential of a shunt generator, from 6, is 
given by Vt = E a — IaRa■ If E a is first assumed to remain con¬ 
stant it is evident that Vt must decrease as I a increases. 

y 

(2) The field current of a shunt generator is given by I f = —- • 

Rf 

Since Vt decreases with an increase of load as indicated in (1) If, 
and (consequently) $ and E a must decrease. 

(3) Since an increase in armature current E 

is associated with an increase in load the 

armature reaction by distortion will cause Eu 

w or 

the air gap flux and the generated emf ( E a ) v i 
to decrease. 

A plot of corresponding values of E a and _ 

1 1 (called the internal characteristic) and h 

corresponding values of Vt and h (called Fig. 54 

the external characteristic) for a shunt gen¬ 
erator under increasing load are shown in Fig. 54. In a properly 
designed generator with low armature resistance and low demag¬ 
netizing mmf the change of terminal potential from no load to 
full load is usually less than 5 per cent. The terminal potential 
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may be held constant for any load or m u , 

rjr anual ° r 8utomati ' - thf zsns z 



General Electric Co. 


Enclosed Shunt Generator or Motor Field Rheostat. 

tors may be effStedTn ° f shant genera ' 

r M ” regulator, is iU u JJS f ° rm ’ Wn as a 

I m Fig. 55. If V t is too low the 
current ( I c ) in the electromagnet 
is insufficient to hold up the 
plunger which drops and short- 
circuits a resistance (R) i n series 
with the shunt field winding. 

This is followed by an increase in 
If, *a, Ea, and V t . If Vt is now 
too high, I c increases and lifts the 
Plunger, removes the short-circuit 
on R, and I f , Ea , and V t 

loTL oirtainT V ‘‘mhT'r ^ " brstes back and 
regulator 

Principle ia the aante a S indicated' in 
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The Series Generator. When the excitation of a dynamo 

with^the^load and the anna- 

magnetism ot the field core and as the fine current (/,) mcreases, 


h 



„ K(x Fig. 57 

Fig. 56 


■ T = T = I the generated emf (£„) will increase as shown 
in^Fig. 57. The terminal potential ^ any value of ^ 

Fl g. 57. ine upp and the iower curve the external charac- 

teristic of the series generator. Such a 
generator is obviously not adapted to a 
constant potential system operating 
under variable load. Although employed 
to some extent in connection with series 
street lighting systems operated at con¬ 
stant current and variable potential the 
series generator at present has very few 
applications. 

The Compound Generator. Ageneratoi 

„ KQ equipped with both shunt and series field 

FlG ' 5 windings and called a compound generator 

(Fig. 58) may be employed with advantage in many instance^ 
The generator is called a short-shunt compound generator whei 
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the shunt winding is connected across the brushes and is called a 
long-shunt compound generator when the shunt winding is con¬ 
nected across the line terminals. Since the terminal potential 
of a shunt generator decreases with an increase of load and the 
terminal potential of a series generator increases with an increase 



General Electric Co. 


Shunt and Series Field Winding for a Direct-current Motor. 

of load, by combining the two windings in various proportions the 
terminal potential may be made to increase (over-compounded), re¬ 
main sensibly constant (flat-compounded) or decrease (under-com¬ 
pounded) as the load increases as shown in 
Fig. 59. The degree of compounding may be 
regulated by adjustment of the shunt field 
resistance or by adjustment of a resistance 
connected in parallel with the series field v t 
winding. 

Over-compounded generators are employed 
in connection with loads located at some 
distance from the generator and provide 
compensation for the potential drop in the 
transmission line. Flat compounded generators provide nearly 
constant potential at the terminals at any load. Under-com- 
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pounded generators are employed in general when compound 
generators are connected in parallel since the inherent distribu¬ 
tion of load between such generators is more uniform if each gen¬ 
erator possesses a drooping external characteristic. 

All the above generators are called cumulative compound 
generators because the series winding in each acts in conjunction 
with and aids the shunt winding. In the differential compound 
generator the series winding is connected so that its mmf opposes 
that of the shunt. Such generators are often used in connection 
with electric arc welding where the resistance external to the 
generator frequently drops during the welding operation to very 
low values. The heavy current that would flow from the usual 
type of generator under these conditions is prevented in the 
differential compound generator by an immediate reduction in 
air gap flux and E a by the high opposing mmf due to the 
reversed series field. 

Parallel Operation of Electric Generators. Power plants are 
in general equipped with two or more generators. Frequently 
a single generator could not be obtained which would supply the 
entire load on the plant. The use of a single generator would, 
moreover, reduce the reliability of operation and no opportunity 
would be offered for making repairs without shutting down. Gen¬ 
erators should always be selected as to number and size to operate 
at the least annual cost under the present and future load curve of 
the plant. The number of generators installed in a plant may also 
be increased to meet the demands of an increased load on the plant 
due to extensions or increased production. Unless special con¬ 
ditions favor the separate operation of each generator in connec¬ 
tion with certain parts of the load, all generators will be connected 
in parallel to the main bus bars and each generator will supply its 
share of the entire load on the plant. 

Parallel Operation of Shunt Generators. If a shunt generator, 
No. 1 in Fig. 60 for example, is supplying power to a load and 
another shunt generator, No. 2, is to be connected in parallel 
with it the terminal potentials of the two generators must first be 
adjusted to the same magnitude and polarity. The switch con¬ 
necting the two generators may then be closed and the load may 
be distributed between the two generators by adjustment of the 
shunt field resistances or the armature speeds. The inherent dis- 
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tnbution of load between the two generators will i 

n 0 r 0 f e s 

- - °-iy - *e .SXSEtS 


No. 1 } 


Fig. 60 

tion of the characteristics as shown in Fig 61 Tim v, 
istics must be identical in form if the l i' \ T h characte r- 
inherently between the two eLt™ at a l'n s ‘“1“'”'“ 

~- f the rated ca P acit y of each generator. 1& “ 1 ® ^ 

Parallel Operation of Compound Genera- 

« ; a com pound generator, No. 1 in 

62, is supplying power to a load and an¬ 
other compound generator, No. 2, is to be 

DoteT?f u Parallel With the te ™inal V ‘ 

P ntials of the two generators must first be 

adjusted to the same magnitude and polar¬ 
ity. If switches S 2 and S A are now closed 
the two generators may operate satisfac- 
°ii v m parallel but the operation with such connecting • 

‘ he ° PP * dtatioTto fc 

This action , T y finaIly be driven as a motor by No 1 

nis action may overload No. 1 to the extent +v, Q f •+ y 

devices will disconnect it from the circuit f No o ‘ 

capacity to supply the load it will i \ j °- 2 1S of insufficient 

Wd and the ^ 
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The instability of operation just described may be eliminated 

, . . . , d d in Fig 62 with a low-resistance connection called 

e » ch a connection the potential between a 



Fig. 62 


tionate distrilHition of 1 ^ bXeen the To generators for any 
general load on the system the external characteristics shou 

identical in form and must equal where h and B. are 

the full load line current'and series field resistance respectively of 
each generator. The distribution of load between the tore ' Z en 
tors may be regulated by adjustment of the resistance of the shunt 
fields, series fields, and sometimes the equalizer, or y a jus men 

° f Princi^eToT Commutation. The currents flowing in the vari¬ 
ous parts of a ge 

through" two pattis in the armature toward the positive brush. 
When the brush is centered on segment No. 1 of the commutator 
the current I. 
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the brush is centered (T seconds later) on segment No. 2, the 
current I x flows through the armature conductors connected 



Fig. 63 


between segments No. 1 and No. 2, joins I y , and the combined 
current (i* = I x + I y) flows from c to b through the brush. 

It is then evident that the current (i c ) 
flowing in the armature conductors connected 
between segments No. 1 and No. 2 reverses 
during the period of commutation as shown 
in Fig. 64. Sparkless commutation will be 
obtained if the current (t\) flowing from seg¬ 
ment No. 1 into the brush is zero at the 
instant when the brush breaks contact 
with segment No. 1. Since the connection between a and b 
through segment No. 1 contains no source of emf the current 
(ii) flowing in this connection will be zero when v a b is zero. The 
potential between a and b (taking the path acb), from 64, is given 



by Vab = +e c — icTc — 



where e c , i c , r c , and L c are 


the emf, current, resistance, and inductance, respectively, of the 
armature conductors connected between segments No. 1 and 
No. 2. Sparkless commutation will then be obtained if the emf 
(e c ) generated in the conductors undergoing commutation equals 


i c r c + itf 2 + Lc —- and acts from right to left in Fig. 63. 


Since no emf is generated in a coil located in the interpolar plane 
(unless the field is distorted no flux enters or leaves the armature 
at this point), sparkless commutation will be attained only by 
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establishing a small flux in 

magnitude to esUbhsh^ ( e.) o^«ch val^ 

eem. This “ —^Kg 65) ca^y aU of part of the 

„,th senes w.nd.ng curant The adjustment of eur- 

rent is made by connecting an adjustable 
resistance in parallel with the series wind¬ 
ings so that a part of the armature current 
may be diverted around those windings. 
When motors are subjected to large 
changes in load, even reversing at full load, 
compensating windings placed in slots in 
the pole faces (Fig. 66) may also be em¬ 
ployed to eliminate all distortion due to 
armature reaction and thus improve t ie 
FlG ' 65 effectiveness and adjustment of the auxil- 

• j. will he noted that the compensating winding 

mmf at all loads. 


m 

R*5 

i Bn 





Commutating Pole and Winding for a Direct-current Motor. 


Tho higher the resistance of the brush contact for a given poten- 
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General Electric Co. 


Direct-current Shunt Motor with Commutating Pole. 
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contact with segment No. 1. Carbon brushes present a higher 
contact resistance than copper brushes and are therefore employed 
on most dynamos to reduce the destructive action of sparking. 
The mechanical wear of a copper commutator is also less with 
carbon brushes than with copper brushes. 



Fig. 66 Fig. 67 


Difference between a Generator and a Motor. The direction 
of the emf generated in an armature conductor at the instant shown 
in Fig. 67, by the right-hand rule, is downward. If the direction 
of the current flowing in this conductor is also downward, the direc¬ 
tion of the force acting on the conductor, by the left-hand rule, is 
counterclockwise or opposite to the stated direction of rotation. 
The rotation of the armature must therefore be due to some exter¬ 
nal torque. Mechanical energy is being converted into electric 
energy and the dynamo is operating as a generator. If the direc¬ 
tion of the current flowing in the conductor is upward the direction 
of the force acting on the conductor, by the left-hand rule, is clock¬ 
wise or in the same direction as the stated direction of rotation. 
The rotation of the armature is therefore due to the electromag¬ 
netic force acting on the conductor. Electric energy is being con¬ 
verted into mechanical energy and the dynamo is operating as a 
motor. The nature of the operation of a dynamo is thus dependent 
solely upon the relative directions of the current and emf in its 
armature conductors; current and emf in the same direction indi¬ 
cate generator action, and current and emf in the opposite direction 
motor action. 

The relative direction of the current and generated emf in the 
armature conductors of a dynamo depends upon the relative mag¬ 
nitude of the terminal potential and the generated emf. When the 
generated emf ( E a ) of a dynamo is greater than the terminal poten- 
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tial (V,) the armature current, from 14, is given by I a = 


E a - V, 


The current then flows in the same direction as the generaw'emf 
,n each armature conductor and the dynamo operates 
tor. The terminal potential of agenerator, from 6, is then g, by 

^ = E a — ljt a volts. 

L TI* eurrentthen flows in the opposite direction 

to the generated emf in each armature conductor and the dynamo 

^h™»Xnb7 tor ' ThC termina ' P ° tmtial ° f a "»”> 6, 

^ = E a + I a R a volts. 


Electromagnetic Torque of a Dynamo Armature. If the average 
flux density normal to the surface of an armature is 5 av gausses 
the armature current is I a amperes, the flux-cutting length of each 
armature conductor is s centimeters and there are m oaths in tl, 
armature between terminals, the average force acting upon each 

armature conductor, from 36, is given by F av = dyneg 

^ e * tanCe fr ° m each inductor to the center of the ? armature 
I ( g. ) is r centimeters, the average turning moment or torque 

produced by each conductor is vivpn Km t _ E &v I a sr 

s yen uy i av -—-centimeter- 

dynes and the total torque due to Z conductor! is given by 

10 m " centimeter -dynes. Since the product of the number 

of poles (p) and the flux entering or leaving each pole ($) equals 
he surface area of the armature permeated by magnetic flux 
tits) multiplied by the average flux density on the surface (B ) 


P® ~ 2 wrsBay and B &v sr = 


Substituting for BhySr and 

Z 7T 


converting the torque units into pound-feet, the electromagnetic 
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torque of a dynamo is given by 


_. T = 1175 ZIa & pound-feet. 

71 1 m X 10 9 

In a generator the driving torque must exceed the value given by 
71 and in a motor the torque developed at the pulley will be less 
than the value given by 71, the difference in each case being the 
torque associated with the rotational losses of a dynamo (discussed 

in detail on page 79). .... , 

The Speed-torque Characteristic of a Motor. Althou S h the 
speed of a generator armature is fixed by the speed of the prime 
mover that drives it, the speed of a motor armature depends upon 
the electric and magnetic conditions within the armature and 
the nature of the mechanical load. The electromagnetic torque 
developed by a motor, from 71, may be indicated by T = K&l a 

pound-feet, where K, - • The armature current, from 

14, is given by /. - — 7.-' and, since E. - MS where K, - 


The armature current, from 


, from 68, 7„ = 


V t - K&S 


Hence the electromag- 


ITUIiC/C l/Hd 

-. A rum uo, j-a — d 

a m X 10 9 ’ j • c 

netic torque developed by a motor when the armature speed is 

revolutions per minute is given by 
72 T = — (T t - K&S) pound-feet. 


The electromagnetic torque is evidently a maximum at standstill 
unless the flux for some reason decreases with th ®. s P eed ‘ ® 
actual standstill torque will be less than that indicated by 7 
because resistance (B) must be connected in series with the arma- 

turn a. standstill so that I. - will not greatly exceed the 

armature current rating of the motor. 

Since the speed of any motor is the consequence of the electro¬ 
magnetic torque the converse of 72 will indicate more clearly 
the factors upon which the speed of any motor depends 


1 / TR a \ 

S = ‘ ~ K&) rpm ‘ 
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When the electromagnetic torque is small (as at no load) the 
speed is a function principally of the terminal potential and air-gap 
flux. If the flux is very low the speed will be very high. The 
electromagnetic torque ( T ) in 73 at all times equals the torque 
(2V) required to turn itself over plus the torque (TV) required to 



Fig. 68 Fig. 69 


turn over the machine driven by the motor. When any machine 
is driven by a motor the speed will then rise until T = TV + Ti 
at that speed. Although the armature resistance ( R a ) is fixed 
this factor may be increased by connecting external resistance in 
series with it to reduce the speed. 

The Shunt Motor. The shunt field current of a shunt motor 
is supplied from the line as shown in Fig. 68. Since the terminal 
potential {V t ) and the shunt field resistance (R/) are in general con¬ 


stant the shunt field current (7/), given by 7/ = —, will also be 

R f 


constant. The air-gap flux of a shunt motor will 
then be sensibly constant, changing slightly with 
the armature reaction. The flux ($) in 73 being 
assumed constant the speed of a shunt motor 
may be indicated by <S = A — BT and may be 
represented graphically, within the range of cur¬ 
rent rating, by the curve shown in Fig. 69. 
Since the speed decreases slightly as the torque 
increases the shunt motor is employed in most 
systems of electric drive which require variable 
torque at sensibly constant speed. 


h 



Fig. 70 


The Series Motor. In the series motor (Fig. 70) the line 


current (7 ; ), the series field current (7 S ) (if the series field is not 


shunted), and the armature current (/„) are the same. The air- 
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gap flux will then vary with the line current (7 1 ) in the same manner 
as the air-gap flux (or generated emf) varies with the shunt field 
current in Fig. 49. If it is assumed, however, that the air-gap flux 
is directly proportional to the armature current, T = Ki<bl a may 
be converted as an approximation into T = K 3 $ 2 . Then by 

/ T \/ K V TP K 

substituting $ = *1— in 73, we have S = - ~=^ --—- = 

VK 3 KiKiT 

Q 

— D. The D constant is in general small compared with C. 

VT 

The speed of a series motor will then be approximately inversely 
proportional to the square root of the torque 
as shown in Fig. 71. If the no load losses are 
small the no load torque will be small and the 
no load speed may produce excessive centrif¬ 
ugal stresses in the armature. The operation s 
of series motors of more than one horsepower 
capacity at no load is therefore inadvisable. 

Since the torque increases as the speed de¬ 
creases the series motor is best adapted to 
applications of the electric drive which re¬ 
quire light torque at high speed and heavy torque at low speed, 
and which never allow the motor to operate at no load. Street 
cars are invariably driven by series motors for this reason. 

The Compound Motor. Motors having both shunt and series 
field windings, called compound motors, possess speed-torque 
characteristics which may prove more desirable than those of the 
shunt or series motors in certain applications. Two types of com¬ 
pound motor may be used: the cumulative compound and the 
differential compound. 

In the cumulative compound motor (Fig. 72) the shunt and 
series mmf’s act in conjunction. The speed-torque characteristic 
(Fig. 73) will lie between the typical shunt and series characteristics 
and will depend upon the relative magnitude of the shunt 
and series mmf’s. It will be noted that the cumulative com¬ 
pound motor has a definite (safe) no load speed and resembles the 
shunt motor in this respect but operates at lower speed than 
the shunt motor at higher values of the torque. The cumulative 
compound motor is therefore employed in electric drives which 
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require a definite no load speed and » low.than would 
be furnished by the shunt motor under heavy torque. 


Fig. 72 


T 

Fig. 73 


In the differential compound motor shown **«££££ 
and series field mmf’s act m opposition. The speed q 
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teristic may be represented typically by the curve shown in Fig. 75. 
The no load speed is definite as in the shunt and cumulative com¬ 
pound motor. An increase of load strengthens the series field 
mmf (which opposes the constant shunt field mmf) and decreases 
the air-gap flux. The generated emf (K&S) being sensibly con¬ 
stant, the speed must increase. Since an increased speed will in 
general increase the reactive torque of the load, the speed will 



Fig. 74 Fig. 75 


increase consecutively, resulting in an overload. The starting 
torque is also low (it may be negative and start the motor in the 
wrong direction) since the opposing series field under starting 
conditions may have a mmf equal to or greater than that of the 
shunt field. A differential compound motor with very few series 
turns may operate at sensibly constant speed but a shunt motor 
will serve nearly as well for this purpose and possesses none of the 
disadvantages of the differential compound motor. 

The Control of Starting Current in a Motor. The current 
flowing in the armature of a motor connected directly to the line 

V, 

at standstill is given, from 14, by I a = — for a shunt motor and by 

V t 

h = —-— for a series or a long-shunt compound motor. In 

Ha “I” /Is 

most motors this current would be at least ten times greater than 
the rated armature current of the motor at full load. In a motor 
thus connected directly to the line the armature winding and the 
brush contacts would be heated excessively, the armature winding 
Would be subjected to excessive mechanical stresses, and the heavy 
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current drawn from the source of power supply would blow fuses or 
open circuit breakers, reduce the terminal potential and speed of 
other motors and dim the electric lamps on the same circuit. 

Before a motor is connected to the line a resistance ( R ) should 
therefore be connected in series with the armature so that the 


initial current given by /„ = ■ or ———- will not 

ti a “1“ H K a "b Ha "h H 

greatly exceed the rated armature current of the motor at full load. 
The various types of starting box employed for this purpose con¬ 
tain some arrangement for decreasing the resistance connected in 
series with the armature as the motor comes up to speed and in 
general provide for an automatic reconnection of the series resist¬ 
ance when the line switch is opened so that the armature will be 
protected when the switch is closed again. 



Fig. 76 Fig. 77 


A common three-point type of shunt motor starting box is shown 
in Fig. 76. After closing the line switch ( S ), the starting handle 
( H ) is moved toward the right. The resistance ( XY ) in the start¬ 
ing box connected in series with the armature is thus gradually 
reduced to zero as the motor comes up to speed. Current also flows 
through the starting handle to X and then through a small electro¬ 
magnet (C) on the face of the starting box to the shunt field. The 
resistance removed from the armature circuit is thus transferred to 
the field circuit during the starting period so that the initial field 
current may exceed the normal field current and provide increased 
starting torque. When the starting handle makes contact with 
Y (the motor is then running at rated speed with all starting resist¬ 
ance disconnected) the handle is held in that position by the mag- 
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netic attraction of the electromagnet (C) Wh P n n, r 
js opened the current in the electromagnet (C) i SWitch 

0 £ 
The b ° X " Sh r ^ ^ 7 " 

starting box except that the electromagmT(c7of high 

Wire f c ™nected across the line (from L+to L -5 Ce 

mg of the line switch interning tl,,. ... , . , The °P en - 

(C) and the helical spring at 0 return th ® electroraa gnet 

original starting posiE™ al ° IetUmS the stort "« ^ to tho 

Adjustment of the Speed of a Mntnr ,, 

motor is maintained by its electromagnetic torque'am^^ 



Fig. 78 


"tr;* torquc is by a similar 

speed. The electromagnetic torque, from 72, being given 


h y T = (V, 

i\>a 


K&S) the torque and hence the speed of any 


upon and^n^e^el^upon^^'Vlie^speed^ j° nstan ^ direct] y 

then be increased by increasing V or ^ f ^ may 

series with /?. if the flux (*) is maintained coZT" & “ 

Th^ formula (72) for the torque may be rewritten, 

F R a (T> “ and ^th other factors held constant the 

torque-flux curve is represented bv Fig 78 ft will 

mcrease in . from aero increases^ rfp C 
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after an increase in <t> decreases T to zero. A further increase in 4> 
reverses T and the motor may then operate only as a generator. 
The first derivative of T with respect to <t> equated to zero, 

(y, — 2 K&S) = 0, indicates that at the point (X), 

Ra _ . 

y t = 2 = 2 X a . It is thus demonstrated that when t a is 

less than — , an increase in $ increases T and S, but if E a is greater 
2 


than — , an increase in $ decreases T and S. Since E a in the 

ordinary motor nearly equals V t the speed is increased by reducing 
the flux. This may be accomplished in a shunt motor by increas¬ 
ing the shunt field resistance and in a series motor by decreasing 
the resistance of a shunt connected in parallel with the series field 


winding. 

The methods of adjusting the speed of a motor may be summar¬ 


ized as follows: 


Increase 

Increase 

Decrease 

Terminal potential 

Armature resistance 

Speed 

Speed 

Air-gap flux (^E a > —^ 


Speed 

Air-gap flux (^E a < —^ 

Speed 



If two or more factors are changed simultaneously the resulting 
change in speed will depend upon the magnitude of each effect. 
In the shunt motor, for example, an increase of V t will also cause 

an increase of <t>. If E a > ^ the tw0 effects wiU be in °PP osition 

and the amount of speed increase will depend upon the flux den¬ 
sity in the magnetic circuit, the increase of speed for a given 
increase of Vt being greater when the magnetic circuit is saturated. 

The speed change due to any number of changes in the operating 
conditions of a motor may be determined by equating ratios of 


REDUCTION OF THE LOSSES IN A DYNAMO 


79 


E a in 70 and 68 under the two operating conditions as follows: 

/ p$ZS\ 

. (Vt — IgRa)l _ \ m )i 

(Vt - IaJiah ~ / P*ZS \ ■ 

\ m / 2 

A 4-pole shunt motor, for example, has an armature with a lap 
winding of 400 conductors, and has a resistance between brushes 
of 0.5 ohm. When operated on a 230-volt fine with an armature 
current of 20 amperes, the speed with a certain air-gap flux is 1500 
rpm. If the armature is rewound with a wave winding of 300 con¬ 
ductors and has a resistance between brushes of 0.3 ohm, at what 
speed would this motor operate on a 115-volt line with an armature 
current of 10 amperes if the previous air-gap flux is increased 10 
per cent? Substituting in 74 the speed is found to be 463 rpm. 

The Power Losses in a Dynamo. The power losses in a dynamo 
are usually classified as (1) copper losses and (2) rotational losses 
(frequently called the stray power). The copper losses (the 
power converted into heat in the shunt field, series field, and arma¬ 
ture windings) are determined as follows: 


75 

Shunt field 


V/ 

Pf = Vflf = I f *R f = 

—- watts 

Rf 

76 

Series field 

P, = IpR, watts, 


77 

Armature 

Pa = Ia 2 Ra Watts. 



The rotational losses include (1) friction losses in the bearings 
and at the brushes, (2) windage loss due to the motion imparted 
to the surrounding air by the rotating armature, (3) hysteresis 
loss (see page 32) due to the reversing magnetism in the rotating 
armature core and (4) eddy-current loss due to the heating effect 
of curi’ents circulating in the armature core. 

Reduction of the Losses in a Dynamo. The copper losses 
depend upon the square of the current and the resistance of the 
various windings. Since the ampere turns required in the field 
windings depend upon the reluctance of the magnetic circuit the 
field copper losses will depend upon the cross-sectional area of the 
magnetic circuit. The reduction of the copper losses (since the 
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currents in the various windings of a given dynamo are sensibly 
fixed) may be accomplished principally by increasing the weight of 
copper and iron in the respective electric and magnetic circuits. 
Increasing the weight of the copper decreases the resistance of the 
respective windings, and increasing the weight of the iron reduces 
the reluctance of the magnetic circuit and, in consequence, the 
number of ampere turns required to produce the required flux. 
Copper loss reduction is therefore limited by the desired weight 
and cost of the dynamo and by the desired magnitude of the rota¬ 
tional losses which increase in general as the weight of the dynamo 
increases. 

With reference to the rotational losses, the friction loss depends 
principally upon the speed, the condition of the bearings and the 
commutator, the lubrication, and the brush pressure. The wind¬ 
age loss depends upon the speed, the surface irregularities of the 
armature, and the nature of the armature enclosure. Since the 
circulation of air around the armature assists in cooling the various 
windings and the armature core no attempt is made to reduce the 
windage loss. Fan blades are frequently attached to the armature 
to augment the circulation of air and increase the rated capacity 
of the dynamo. 

The hysteresis loss may be computed with certain assumptions 
by 
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P h = 


ypSVBJ 6 
12 X 10 s 


watts, 


where y = 0.004 for ordinary sheet iron and 0.001 for the best 
annealed sheet iron, p = the number of poles, S = the speed in 
rpm, V = the volume of the armature core in cubic centimeters, 
and B m = the average maximum flux density in the armature core 
in gausses. The eddy-current loss may also be computed with 
certain assumptions by 
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Pe = 


v ( tpSB m y 
87.8 p X 10 8 


watts, 


where t = the thickness of the laminations in centimeters and 
p = the resistivity of the iron in ohms per centimeter cube. All 
other quantities are described under hysteresis loss. If the arma¬ 
ture core were solid the emf’s generated in the rotating core 






would cause currents to flow in the iron as shown in Fig 7q 
constructing the core of iron sheets (called laminations) 'insulalS 
from each other electrically as shown in Fig. 80 the ratio of the 
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emf to the resistance in each lamination is reduced and the eddy- 
current loss is materially diminished. The laminations are 
punched from soft sheet iron, 0.015 inch or more in thickness, and 
are insulated by the natural surface oxide or 
by a coat of varnish. 

Determination of the Rotational Losses 
in a Dynamo. The rotational losses are 
usually determined experimentally by oper¬ 
ating the dynamo as a shunt motor at no 
load, as in Fig. 81. The input to the arma¬ 
ture ( VJa ) minus the armature copper 
loss ( IJR a ) minus the rotational losses 
(P T ) equals zero or V t I a - T, 2 R a - p r = 0 and 

Pr = Vtl„ — I a 2 R a watts. 

Since the rotational losses depend upon the speed and the flux 
density the rotational losses corresponding to any stated load are 
determined by operating the motor at no load at the same speed 
and flux density as at the stated load. If the mechanical output 
( 0 ) of a motor operated under load may be measured accurately 
the rotational losses may be determined by 

Pr = V Ja - I a 2 R a — P 0 watts. 

The Efficiency of a Dynamo. The efficiency of a generator or a 
motor equals the ratio of the power output to the power input, 
e efficiency of a generator is then given by the ratio of the power 
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output to the sum of the power output and the losses. Hence the 
efficiency of a generator is given by 

V t h 

co „ _ _:_ . 

V ° Vth + Vflf + I S 2 R S + / a '-Ra + Pr 

The efficiency of a motor is given by the ratio of the power input 
minus the losses to the power input or 

v,i, - v,r, - I>R. - ijr. - p, 

83 - VZ - 

If the output of a motor is measured by a Prony brake, as in Fig. 
82, then P„ = ■ horsepower, measuring d in feet, F in pounds, 

oOjUUU 

and S in revolutions per minute. Substituting T, the torque 
in pound-feet, for dF the power output is 
1 given by 

^ y ^4 Po = 1T03 ST X 10 -4 horsepower, 

Yf T - T 85 Po = 0.1420 -ST watts. 

d 91 The efficiency of a motor is then given by 

e 0.1420 ST 

Fig. 82 .86 r/ m — • 

V d l 


Characteristic Curves of a Motor. The principal operating 
characteristics of a motor (speed, efficiency, torque, and line cur- 



Fig. 83 Fig. 84 

rent) are usually plotted with reference to the output in horse¬ 
power and are called the characteristic curves of a motor. Typi- 


CHARACTERISTIC CURVES OF A MOTOR 


83 


C»1 characteristic curves of a shunt motor are shown in Fie 83 and 
of a senes motor in Fig. 84. Full load values for each quantity 
are indicated by the intersection of the vertical dotted line. 

Use.™ 1 ™ Pr0blemS ^ amwers S° r Chapter IV mil be found on pages 244 to 
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CHAPTER V 

DIRECT-CURRENT MEASUREMENTS 

Legal Units of Electrical Measure. An Act of Congress (1894) 
following the recommendation of the International Electrical Con¬ 
gress of 1893 established the following legal units of resistance, 

current, and emf in the United States. . 

The Ohm The resistance offered to an unvarying e ec n 
rent by a column of mercury 14.4521 grams in mass of constant 

cross-sectional area, and of the length 
106.3 centimeters at the temperature of 
melting ice. 

The Ampere. The unvarying current 
which, when passed through a solution 
of nitrate of silver in water in accor¬ 
dance with standard specifications, de¬ 
posits silver at the rate of 0.001118 gram 
per second. 

The Volt. The emf that, steadily ap¬ 
plied to a conductor whose resistance is 1 ohm, will produce a cur- 

have been adopted by mother countries and 
are therefore called international units. The device in which 
current is measured by the deposition of silver is called a silve 

Secondary' Reference Standards. Since the mercury ohm and 
the silver voltameter have proved inconvenient for frequent use as 
reference standards the Bureau of Standards has prepared and 
maintained secondary reference standards of resistance ^ 
The secondary standards of resistance are sealed wire resistances 
called N B. S. (National Bureau of Standards) standard resistors 
(Fig. 86), which are compared at infrequent intervals with the 
mercury ohm. The secondary standard of emf is the saturated 
Weston cell (Fig. 87) which is calibrated at infrequent intervals b> 

84 



the silver voltameter and a standard resistance. The emf of this 
cell at 20 C is 1.0183 volts. When used as reference standards 
the secondary standards of resistance and emf are compared 
respectively in groups, the average value of the group in each case 
being adopted as the secondary standard. 
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Fig. 86 


Fig. 87 


Commercial Laboratory Standards. The reference standards 
of the commercial laboratory resemble the secondary standards 
of the Bureau of Standards but may differ in certain elements of 
construction. A common form of commercial 
standard resistor, called the Reichsanstalt 
model, is a wire standard but unlike the N. B. S. 
model is not hermetically sealed. The commer¬ 
cial standard cell is usually the unsaturated 
Weston cell, the cell used by the Bureau of 
Standards being saturated; that is, the Bureau 
of Standards cell contains an excess of cad¬ 
mium sulphate crystals. While not as reliable 
as the saturated cell, the unsaturated cell is less 
affected by changes of temperature. The com¬ 
mercial or tertiary reference standards are com¬ 
pared occasionally with groups of secondary 
reference standards at the Bureau of Standards so that any 
changes in them may be detected. 

Ammeters and Voltmeters. Portable or switchboard instru¬ 
ments designed for the measurement of current or potential usually 
consist of a light rectangular coil of fine copper wire wound upon an 
aluminum frame, pivoted in jeweled bearings, and located in the 



Ten-ohm N.B.S. 
Standard Resistor. 
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annular space between a soft iron core and the pole faces of a 
permanent magnet as shown in Fig. 88 Elect,real connects 
with the coil are made through two spiral springs which also resist 



CADMIUM 
SULPHATE 
SOLUTION 
Cd SO* - 


PLATINUM WIRE 


Weston Electrical Instrument Corp. 

Weston Standard Cell. 


the angular motion of the coil with a torque proportional to the 
angular twist. Since the torque acting upon the coil is propor¬ 
tional to the coil current the magnitude of the current is indicated 



Leeds and Northrup Co. 


One Thousandth-ohm 
Reichsanstalt Standard 
Resistor. 


by the motion of a light tubular 
pointer over a calibrated scale. 

The instrument shown in Fig. 88 
may be employed to measure a current 
not greater than 0.025 ampere and a 
potential not greater than 1.5 volts 
(approx.), the potential being deter¬ 
mined indirectly by the 'product of 
the coil current and the coil resist¬ 
ance. To measure a current greater 
than 0.025 ampere the coil is shunted 
as shown in Fig. 89. If the coil 
resistance is represented by R c and 
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Construction of Moving-coil Type Direct-current Ammeter. 


Weston Electrical Instrument Corp, 


Weston Portable Milliammeter. 
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the shunt resistance by R . the ammeter resistance is givenby 

_ RcRs m ^he amme ter current is then given by h = „ > 

fta ^ 

tl\e ranee of the instrument being dependent upon the relative 

magnitude of R e and R a . To measure a 
potential greater than 1.5 volts the coil 
I is connected in series with a high resist- 

ance as shown in Fig. 90. If the 
resistance of the coil is represented by 

( \A\Fyfn ) Rc and the added series resistance b . y 

JJ th e resistance of the voltmeter is 

— -y/ _ given by Rv = Re + Rc- The potential 

(F„) across the voltmeter in terms of 
FlG ' 88 the potential (7 e ) across the coil is 

then given by V, = the range of the instrument beings 

dependent upon the relative magnitude of Rv and R c . 

411 the alternating-current instruments described m Chapter \ II 
for the measurement of current and potential may be applied to 



„ cn Fig. 90 

Fig. 89 


direct-current circuits but with certain restrictions in some cases 
The electrodynamometer and iron vane types will be affected by 
terrestrial magnetism or other outside sources and give an incorrec 
reading unless the average of two readings is taken; first with the 
instrument in one position and second, turned 180degrees from that 
position. When the iron vane type is used in a direct-cu ren 
circuit, there is a tendency due to hysteresis for the reading to be 
high for decreasing values of the current and low for increa^ng 
values. The iron vane type is used extensively (the iron l vane is 
sometimes polarized) for small instruments of low cost when hig 
accuracy is not important . 
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The Wattmeter. The measurement of power in a direct-cur- 
rent circuit is seldom accomplished by a single instrument since 
the power may always be determined by the product of the volt¬ 
meter and ammeter readings. The dynamometer wattmeter 


General Electric Co. 


Direct-current Ammeter Shunt. 


described on page 122 may be employed for this purpose whenever 
the use of a single instrument is found desirable. Its readings will 
also be affected by terrestrial magnetism but the actual power will 
be given by the average of two readings taken with the instrument 
in one position and then turned 180 degrees from that position, or 
first with one connection of the potential and current coils and 

second with both coils reversed. -■ 

The Watthour Meter. The g[QOQO] 

instrument most commonly em- /--■ 

ployed for measuring the energy C P0Q0G3®9 

supplied to any part of a direct- -- 

current circuit is the Thomson OTO SH Load 

watthour meter shown in Fig. 91. _ M bq m ? ~ 

The revolving element consists of 
a hollow spherical armature (/l) 

with a commutator ( C) and a metal disc (D), all mounted upon a 
shaft which turns on a jeweled bearing ( B ). The number of 
revolutions of the revolving element is registered by a series of 
dials ( G ) which are connected by gears to the shaft. Two field 
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coils ( FF) are connected in series with the load under measure¬ 
ment, and the armature in series with a compensating coil ( C') and 
a high resistance (If ) is connected across the line. The metal disc 
(D) revolves between the pole faces of two or more permanent 
magnets (MM). 



General Electric Co. 

Direct-current Watthour Meter. 


The instrument consists essentially of a direct-current shunt 
motor (at the top) which drives an alternating-current generator 
(at the bottom). In the motor the field flux ($/) is proportional to 
the line current (I i) because the magnetic circuit contains no iron, 
and the armature current (/„) is proportional to the line potential 
(Fi) since the emf generated in the' armature is very small owing 
to low speed and weak flux. The motor torque ( T M ) is then pro¬ 
portional to VJi or the power (P) supplied to the load, and Tm — 
KiP. In the generator, since the magnetic flux passing through the 
rotating disc is constant, the emf ( E ) generated in the disc is pro¬ 
portional to the speed ( S ) of the disc. Since the resistance of the 
disc is constant for a given temperature the current (7) flowing in 
the disc is also proportional to the speed ( S ). The flux passing 


through the disc being constant the generator torque (T G ) i s then 
proportional to the speed (S), and T a = A',,S'. 

K^thefrktmn of the bearing, commutator, and gears is neglected 
Tm Ig and P - KS Since energy (IF) equals the product of 
power P and tune (I), W - Pt = KSt and IF = KR where 
R St the number of revolutions of the disc in time ( t) With 
the proper gear connection the dials will then indicate directly 
the energy supplied to the load in a given time. The frictional 
torque of the revolving element being too large to be neglected a 
compensating field coil (C) is provided to supply an additb ’a! 
torque which is independent of the load and equal to the frictional 
torque. Owing to the high resistance of the armature circuit the 
speed of the motor is directly pro¬ 
portional to the field flux as de¬ 
scribed on page 78. 

Measurement of Resistance. Ac¬ 
curate measurement of resistance may 
be accomplished by some form of 
Wheatstone bridge as shown in Fig. 92. 

A battery ( B ) is connected to the 
terminals ( ab) of a parallel connection 
containing three known adjustable 
resistances (R h R 2 , and P 3 ), the un¬ 
known resistance (P 4 ), and a galvanometer (G) connected be¬ 
tween c and d. 



Fig. 92 



Leeds and Northrup Co. 

Dial-switch Wheatstone Bridge. 
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Leeds and Northrup Co. 


Plug-type Wheatstone Bridge. 

The galvanometer usually consists of a light coil of fine wire 
suspended between the poles of a permanent magnet as shown^ 
Fig 93. This type will respond to a current of the order 
ampere. When conditions demand a more sensitive instrument a 



Fig. 93 Fla 94 


small permanent magnet is suspended at the center of a cod of 
wire as shown in Fig. 94. The sensitivity of the moving magne 
type is in the order of 10" 16 ampere and is too high for most-pur 
poses because the galvanometer will be kept in constant motion by 
varying stray fields. In either case the moving element of the 
galvanometer will twist when a very small current is sent thiougl 
the galvanometer coil. Evidence of a twist in the moving elemen 
is usually magnified' by directing a beam of light upon a sma 
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mirror attached to the moving element so that the reflected light 
may be viewed on a scale located at some distance from the gal¬ 
vanometer. The galvanometer in this way serves as a sensitive 
detector of an electric current. 


Leeds and Northrup Co. 

Moving Coil Galvanometer. 

If no galvanometer deflection follows the closing of the galva¬ 
nometer key in Fig. 92 the potential between c and d must be zero 

Then h = h, I 3 = U, h Rx = UR h hR* = hR*,^ = ^ and 

l 2112 1 4tb4 

the ratio of the bridge resistances is given by 


The value of R* may thus be determined by adjusting R\, R 2 , and 
R 3 until there is no deflection of the galvanometer. 


A less accurate measurement of resistance may be made with a 
v oltmeter and an ammeter connected as shown in Fig. 95. If the 
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current taken by the — * * “ 7 " ** 

current token by the voltmeter ot 8. ohms resistance ,s cons.dere 

R = __X^- ohms. 

IR LZ \' nm p ter Accurate laboratory measurements of 
The Potentiometer. Ac ™ f instru ments, etc., are in 

potential and current the cal^rat^ ghown in Fig . 96 

general accomplished by ^ ' sends a current through an 

called a potentiometer. A battery ynj 

n D 


l r 41 

—— s a - 


Fig. 96 


(P \ „ nf i a fixed resistance {Rad), the capacity 
adjustable resistance ( ) in ,ain 0 steady current in the 

of the battery o[ a stan dard cell (SC) is connected 

fixed resistance. km . , ,,i ; the g xe d resistance {Rad) 

permanently to a definite P“ mt ® gt a double-throw 

and the other terminal may ^ ““"f ^„‘f vo n„meter (G) to 
switch <M, a galvanometer k y ( ) ^ a(ljusted unti i the galva- 

the point (a). If the resis standard cell connected in 

nometer shows no deflec ion "’ standard cell; that 

the circuit IRa b must equal E sc , the emi 

is, Fab equals 1.0183 volts (usua y). ^ downwar d connecting 
If the double-throw switch i through the galvanom- 

one terminal of an unknown po en unknown potential (F) 

eter to (a) and the other emma °" galvanometer 
is moved along the fixed resistance 1 /frA _ 

shows no deflection, then F must equal Fan or F - 1-018 y R J 
The ratio (|j) is usually such as to make 7- eoual 1.61 volts 



THE POTENTIOMETER 


Leeds and Northrup Co. 


Type K-l Potentiometer, 


Leeds and Northrup Co. 


Type K-2 Potentiometer. 














direct-current measurements 


when the connection of the standard ^"divM 

*-* is 


marked with the value 1.0183 


fRax\ p 

1 1 1 ) Max 

\RabJ 


being the resistance from 


. . /_\ ept va i U e of the unknown potential may 

«£«- t " "' herc 

contact (c) gives no deflection of the galvanometer. 



.a Fig. 98 

Fig. 97 


Potentials higher than 1.61 volts may be mealed[by connecting 
a definite part of a high res,starnee (>ip)be^ 
shown in Fig. 97. The unknown potential 1 


r / Rmp\ 

\Rmn) 


and a voltmeter connected between (m) and (p) may be 


calibrated throughout its range In W 

throueh the 

,1 „ Vats T = — and an ammeter con 

standard resistor is then given by p 


nected in series with the standard rector may be calibrated 
throughout its range. 


, p hauler V will be found on pages 256 to 258. 
Practice problems vnth answers for Ch p 


CHAPTER VI 


ALTERNATING-CURRENT CIRCUITS 

Alternating Emf. The variation of the instantaneous emf 
generated in each armature conductor of a dynamo during one 
revolution of the armature depends upon the distribution of the 
flux density in the air gap as explained on page 47. A plot of the 
successive instantaneous values of the emf generated during the 



Fig. 99 Fig. 100 


passage of a conductor by two poles is called the wave form of the 
emf, a typical sinusoidal wave form of an alternating emf being 
shown in Fig. 99. A non-sinusoidal wave form like that shown in 
Fig. 100, for example, introduces higher frequency harmonics into 
the circuit as well as the fundamental. Eddy-current and hystere¬ 
sis losses will be increased in all apparatus in the system and 
currents of audible frequency producing undesirable hums and 
whistles may be induced in adjacent communication circuits. In 
general a non-sinusoidal emf will be distorted in any circuit more 
than a sinusoidal emf. The mathematical analysis of alternating- 
current circuits is simpler when based upon the sinusoidal wave 
form. 

Terminology of an Alternating Emf. A source of alternating 
e mf is indicated by the symbol Q). A complete sequence of 
values of emf from zero to maximum positive (+E m ) to zero to 
Maximum negative (— E m ) to zero (Fig. 99) is called the emf cycle. 
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The titoe in seconds token by ^ 

"nts r «»o' - - — Tt r 

frequency then equals the reciprocal of the penod or f 
cycles per second. The freqnency »f the emUnd current 
alternating-current systems is eitheu 60 > circuils 

» ?Sf ^■StSTlTSSS supplying power to motors, 
and 25 cycles per sec ° lampS) particularly those of smal 

It is desirable in all elect i , the frequency of 

size, operating with alterna• tQ elimina te objectionable 

the current at a valu g , ■ transformers the frequency 

flicker. Inele^cal r^hme^an^n^^^ ^ 
should be low to mto th^ y thM1 25 cycles per second 

small as possible. At treque undesirable low speeds 

most rotating machmes must op ato a ^ ^ and 

and, including associated transtoim , 

“Cm'athematical equationTor a ““ “^^'theorigta 
bcdocatedat^ (Fig. 99 bthea!ngular distance of the conducts from 
the origin «seconds after leaving the origin will 

Substituting . for y , *. for « - *f • *<* *^ °' 


, _ p s i n — t or e = E m sin 2 vfl. 

emf is given by e - E m sin ^ 


The product 


(2 „ which —s -^elocitW the —J 

usually indicated by 
dal emf is then given by 

e = E m sin at volts, 

OO 


where « is the end '» "er^ 

Electrictd^radians equal trigonometric radians mnltiphed by the 
number of pairs of poles. 
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Difference in Phase. The wave forms of the two emf’s gener¬ 
ated in the two conductors shown in Fig. 101 will be identical 
since each conductor must pass through the same magnetic field. 
The emf generated in conductor No. 1 must differ from that 
generated in conductor No. 2 at the same instant since the two 
conductors do not pass through the same part of the magnetic 
field at the same instant. Corresponding values of emf are 



Fig. 101 Fig. 102 


generated later in conductor No. 2 than in conductor No. 1 and the 
two emf’s are said to differ in phase by a degrees. The phase 
difference between e x and e 2 may be represented graphically as 
shown in Fig. 102 in which the two wave forms are displaced by the 
angle (a) between the two conductors. In the wave diagram a 
lagging emf by convention is displaced to the right and a leading 
emf to the left of the arbitrary axis of reference. Although the 
angle (at) in 88 is measured in radians a phase difference is usually 
expressed in degrees. The emf (e 2 ) in Fig. 102, for example, is 
said to lag the emf (e x ) by a degrees or the emf (ei) is said to 
lead the emf (e 2 ) by os degrees. Phase difference may be indicated 
mathematically by referring each emf to the same origin. With 
the origin at o, e x = E m \ sin at and e 2 = E m2 sin (at — a) and with 
the origin at o', e 2 = E m2 sin at and e x = E ml sin (at + a). 

Addition of Sinusoidal Emf’s. The two emf’s (e x and e 2 ) 
m Fig. 102 may be added graphically by adding simultaneous ordi- 
tt&tes as shown in Fig. 103. The resultant emf (eo) will also be 
s musoidal and will differ in phase from both ei and e 2 . The same 
e mf’s expressed mathematically by 

ei = E m i sin at and e 2 = E m2 sin (at — a) 
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emf is then given by_ 

89 eo = \/{E„a + E mi cos a) 2 + (E m i sin a) 2 


. i^wt — 


tan -l-- \ volts. 

E n i + E m 2 cos a/ 



Fig. 103 


The same result may be obtained in a simplermanner bympre- 

,. , y,. r „ rotating: vector as shown in Fig. OH, tne 

senting each emf by a g convention being 

• counterclockwise at an an- | 

gular velocity of to radians 

E mi 4 _ per second. E m i, the maxi- 

V mum value of ev, is drawn 

| ^ 1 — a along the horizontal axis (the 

| axis of reference) and E m 2 , 

1 the maximum value of e 2 , is 1 

Fig. 104 drawn at an angle of a degrees 

in a clockwise direction from E ml to indicate a phase 1 lag of «^de^eeS; 
The instantaneous emf in either case is gi\ cn > P 
of each vector on the vertical axis. Since each vector rotates at 
the same speed the maximum value of their sum in accordan 
with the principle of vector addition is given by the diagona 
lE a ) of the completed parallelogram. The horizontal component 
of E m0 is E m 1 + E m , cos « and the vertical component is E mi sin * 


Fig. 104 
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Then E m 0 = ^{E ml + E m2 cos a) 2 + (E rn2 sin a) 2 . The phase 

<mde (d) between e 0 and e L is given by tan -1 --and 

a & E ml + E m2 cos a 

the complete equation for the resultant emf is given by 89. It will 

b e observed that any number of emf’s may be added in the same 

manner by the vector method. If the summation of the horizontal 

components is indicated by 2// and the summation of the vertical 


components by 2 k, e 0 


the signs of the various components being fixed by the usual con¬ 


vention employed in the system of rectangular coordinates. 




Fig. 105 


Fig. 106 


Current Established in Resistance by a Sinusoidal Emf. Since 
the current (t) established in a resistance (R) by an emf (e) from 

g 

14 is given by i = — for any value of e, the current established 
R 

in a resistance ( R ) in Fig. 105 by a sinusoidal emf, e = E m sin wt, 
is given by 


i = — sm wt amperes. 
R 


The wave and vector diagrams for a circuit containing resist¬ 
ance only are shown in Fig. 106. It will be observed that the 
current and emf are in phase and the maximum current ( I m ) 
equals the maximum emf (E m ) divided by the resistance ( R ). 

Current Established in Inductance by a Sinusoidal Emf. If 
a n alternating current, id = I m sin wt, is established in a circuit 
c °ntaining inductance only (Fig. 107) the emf induced in the 
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inductance by the alternating current, from 54, is given by 






died 

edc = 4/ rr 


= L 


dt 

d(I m sin Cof) 
dt 


Fig. 107 


= Lulm COS ut 

= Loilm sin (ut + 90°) • 


t r • / i i_ qn 0N ) must then be impressed upon 

An emf, e a b = Lul m sin (“ + >’ sin { If a n emf, 

— —e 

only the current is given conversely by 
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i = — sin (ut - 90°) amperes. 
Lu 



The wave and vector diagrams 
for such a circuit are given in 
Fig. 108. It will be observed 
that the current lags the emf by 
90 degrees and the maximum 
current (7m) equals the maxi¬ 
mum emf ( E m ) divided by the 
product of the inductance (L) 
and the angular velocity («)• 

-^Conducting Material 



Fig. 108 


Insulating juaierm* 
Dielectric Constant (.K) 

Fig. 109 


, rnndenser When two conducting 

The Capacitance of a materia , the comb in.tioo 

ik 

ZX of a constant (O - 


THE CAPACITANCE OF A CONDENSER 
j.j ie rate of change of the impressed emf or 
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• n de 

1 = C — amperes. 


The constant ( C) is called the capacitance of the condenser and 
when the current is measured in amperes and the rate of change 
of the emf in volts per second the capacitance (C) is measured in 
farads. The microfarad, a smaller unit of capacitance, equals one 
millionth of a farad. The capacitance of a condenser is propor¬ 
tional to (1) the area (A) of each of the adjacent surfaces of the 
conducting materials, (2) the dielectric constant ( k ) of the insula¬ 
tion between the conducting materials, and is inversely propor¬ 
tional to (3) the distance (d) between the conducting materials. 
The dielectric constants of various materials compared with air 
(k = 1) are given on page 222. When several condensers are 
connected in parallel the equivalent capacitance equals the sum of 
the individual capacitances or 

93 C = Ci + C 2 + C 3 farads. 

When several condensers are connected in series the reciprocal 
of the equivalent capacitance equals the sum of the reciprocals 
of the individual capacitances, or 
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1 _ J_ J_ J_ 

c ~ c 1 + c" 2 + c" 3 ‘ 


The cost and space requirements for commercial condensers, 
called capacitors, is high for condensers using solid dielectrics 
because the dielectric constant of such materials does not exceed 
13.3 and the dielectric strengths are not sufficiently high to permit 
a very small distance between the plates. 

In the wet electrolytic capacitor an aluminum can contains 
various arrangements of aluminum foil with a large surface area 
and separated from the can by a cylindrical sheet of perforated 
hard rubber. The can is then filled with an electrolyte such as an 
aqueous solution of boric acid and ammonium or sodium borate. 
Other electrolytes are employed when a lower freezing point is 
■Quired. 
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In the dry electrolytic capacitor two strips of aluminum foil are 
wound with two impregnated strips of separating paper to form a 
cylinder. The paper strips are impregnated with an electrolyte 
like that used in the wet type. In both types the anode must be 


Westinghouse Electric and Manufacturing Co. 


Capacitor, rated at 900 kva, 2400 volts at 60 cps. 


treated electrolytically to form a surface layer of aluminum oxide 
(AI 2 O 3 ) about 10 -6 centimeter thick and possessing ahigh dielectric 
strength from the aluminum foil to the electrolyte but not in the 
other direction. The dielectric constant is about 10. Both anode 
and cathode may be treated in the dry electrolytic capacitor but 
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not m the wet electrolytic capacitor so [-~ -, 

that m the latter type two capacitors 1 

must be connected in series with opposing BOW 1 I 

polanUes on alternating-current circuits 5 

Both types are adapted only for intermit- ■ 
tent service. 

In the Pyranol ” capacitor two strips I 

of aluminum foil separated by two strips fl 

of impregnated paper are wound spirally H 
to form a cylinder. In this type no 4j 
electrolytic preparation of the' anode 
strip is required and service may be fef 

7pZZ^ THe **««“*•« material N 

M } 18 a Synthotic non-inflam- { ij 
mable and non-explosive liquid possess- H 

te S that e Jd Sh dl6leCtric stren g th similar LM 

to that of dry mineral oil. The dielectric I 

constant * 4.5. This capacitor may be 11 

used singly m alternating- as well as 

thaTthe Urrent - circuits - 14 wil1 be seen HTT*- 

that the gam m capacitance in both the 

electrolytic and “ Pyranol ” capacitors is - 

ODtamed by closer spacing of the plates a™* Electric Co . 

Mectrif* * an f an ’ ncrease i n the di- Capacitor, rated at 

electric constant of the separating 120 kva, 460 volts at 
material. 8 60 cps. 

.vjtt by * s “ **• 

rn or c 

l(ii J ’ m 92,18 given by 


in •„ 

If 5 


General Electric Co. 

Capacitor, rated at 
120 kva, 460 volts at 
60 cps. 


i = C 


d(E m sin tu) 


— CuE m cos ut 


Pig. 110 


- CuE m sin (ut + 90°) 


i ~~f sin (ut + 90°) amperes. 
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The wave and vector diagrams for such a circuit are given in 
Fig. 111. It will be observed that the current leads the emf by 
90 degrees and the maximum current equals the maximum emf 
(. E m ) divided by the reciprocal of the product of the capacitance 
(C) and the angular velocity (co). 



FlG.Tll 



Maximum Emf Required to Maintain a Sinusoidal Current in 
Resistance, Inductance, and Capacitance, respectively. The 

maximum value ( E m ) of the sinusoidal emf required to maintain 
a sinusoidal current of maximum value (/,„) in resistance, induct¬ 
ance, and capacitance respectively may be summarized as follows: 

Resistance ( R ) E„ = I„R e and i in phase. 

Inductance (L) E m = l m Lo> e leads i by 90 degrees. 

Capacitance ( C ) E m = —- e lags i by 90 degrees. 


The Series Alternating-current Circuit. When an alternating 
current, i = I m sin at, is established in a series circuit (Fig. 112) 
containing resistance, inductance, and capacitance an emf of 
maximum value (I m R) in phase with the current must be impressed 
upon the resistance, an emf of maximum value (ImLw) leading 
the current by 90 degrees must be impressed upon the inductance, 


and an emf of maximum value lagging the current by 90 


degrees must be impressed upon the capacitance. The maximum 
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value the emf that must he i mpres « d upon the ^ 



Fig. 112 „ 

Fig. 113 
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The equation of the emf required to maintain a sinusoidal cur¬ 
rent, i = Im sin oof, in a series circuit is then given by 

98 e = IJS sin (oof + tan" 1 volts. 


When an emf, e = E m sin oof, is impressed upon a series circuit 
the current is given conversely by 


. E m . 

1 - z sin 


in (oof - tan-* ^ amperes. 


When Loo = ^- in a series circuit, Z = R and the circuit is 

said to be in resonance. Under these 
^ conditions, E m = IJZ = I m R, and J m Loo = 

— as shown in Fig. 115. Both ImLo> 

n,.s 


and hi ma y be many times larger than 
Coo 

the impressed emf, ImZ. The imped¬ 
ance of any series connection may be 
reduced in this manner to a value equal to 
its resistance alone. 1 his principle is em¬ 
ployed in tuning radio receiving circuits 

for a definite frequency, / = y/Tr 



for a definite frequency, j — . 777 , 

Fig. 115 2 it v EL 

cps, and for the similar adjustment of oscillating circuits as de¬ 
scribed in Chapter XIII. , T r < v 

Power Delivered by a Source of Sinusoidal Emf. If the current 
established in a circuit by a sinusoidal emf, e - E m sin oof is 
i = j s i n Ut - 0) the power delivered to the circuit at any 
instant, from 3, is given by p = (Em sin oof) (Im sin (oof - 6)) 

[cos e - cos (2 oof - 0)1 watts. 

\ plot of the instantaneous power is shown in Fig. Jl«, »> 
be noted that (1) the power wave is sinusoidal m form (2) the fre 
quency of the power wave is twice that of the emf or curren , 
® the axis of the power wave (shown in dot and dash) will coincide 
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with the axis of the emf and current waves only when 0 = ±90 
degrees, and (4) the power during the interval ( ab ) and (cd) is 
negative; that is, the circuit 

during these intervals delivers V \ / \ 

power to the source of emf. The / \ 

net energy delivered to the cir- / / . _/_ ^ 

cuit during one cycle of the emf „ / . !/ \ \ /, . 

, ,, , ,, _\S-\u_ \a' 

equals the sum of the areas 'A \ i\ f 

under the power wave during _/<_/ 'v / 

the intervals (be) and (da') N. 

minus the sum of the areas 

under the power wave during IG ' 

the intervals (ab) and (cd). The average power (P), or the net 

energy delivered to the circuit during one cycle divided by the 

1 r T EJm 

period ( T), is then given by P = — I - [cos 6 —cos (2 cof — 0)] dt 

IJq 2 


_ E m I m COS 0 

p = -watts. 

2 


In any part of a circuit containing resistance (R) only, since 
E m = ImR and 0 equals zero, the average power absorbed by the 
resistance is given by 

T 2D 

101 P = ”* watts. 

Effective Value of an Alternating Current or Emf. For practical 
purposes the magnitude of any wave form of alternating current 
such as that shown in Fig. 100 is designated by the magnitude of 
the direct current that will convert the same amount of electric 
energy into heat in the same time. The alternating current shown 
in Fig. 100 when flowing in a resistance (R) will convert electric 
energy into heat at any instant at a rate PR where i = /(f); that 
is, some function of f or the equation of the alternating current. 

The total energy converted into heat in one cycle will be / PR dt. 

Jo 

The total energy converted into heat by a direct current (Idc) 
flowing in the same resistance during the same time will be 
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U , RT . Equating the two, UW - £ •’» “ d ; reP '” i " S 

I* by the effective value of the alternating current is gn en y 

.02 

If the alternating current is sinusoidal, that is, i - I- 5I “ 
the effective value from 102 is 

r = amperes. 

103 V2 

Similarly for the emf 

E = 4= volts. 

104 V2 


It should be noted that the divisor (V2) ££%£££ 

only but that the effective value of any wave lorn. 

from 102. Kilovolt-amperes. The power 

Power, Power Factor, current may be rewritten, 

formula (100) for sinusoidal emf and current m y 


p = hL hL cos 6, and, since ^ = E and ^ h ^ ^ 
in tenns of'the effective values of emf and current is given by 
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p = El cos 9 watts. 


The ratio of the .vower " 
the effective emf power factor (pi) of the 

circuit C,l The X facto; of any circuit is then given by 


106 



and, for a sinusoidal emf and current, by 

pf = cos 9. 

107 

n 7 ‘ tt^Ubenled that when all the electric energy delivered 
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to a circuit is converted into thermal energy as in Fig. 112 the 

IR 

power factor of the circuit is given by cos 9 = — or 


The component (/') of the current (/) in Fig. 117 in phase with 
E is called the energy component of the current and the component 
(/") differing in phase with E by 90 degrees is called the wattless 
component of the current. 

The power converted in an alternating-current circuit is given 
by one of the three expressions: 


109 

P = 

El cos 9 

—-kilowatts, 

1000 

W\ 

110 

P = 

kilowatts. 

1000 

tx 

111 

P = 

PR 

-kilowatts. 

1000 

IR 5 

Fig. 117 


The application of each formula is the same as that described 
under 3, 7, and 4. 


E I R 




Fig. 118 


The effective potential or voltage (F a i>) between two points (a 
and b in Fig. 118 for example) is given by 

112 Vab = E — IR — IX L — IX C volts, 

where E and I are the effective values of the emf and current and 
the subtraction is vectorial. 

The kilovolt-amperes (KVA) delivered to any circuit is given by 
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KVA =-kilovolt-amperes. 
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A Summary of the Alternating-current Series Circuit Relations. 

The following relations apply to Fig. 119: 

R ad = Rx + R* X ad = X: - X 2 + - Xt, 

z o6 = v/i^ + xT’ z 6c = VkTTx^ 2 z cd = x 3 -x t . 


1 Ra + X, R S " tX ' _>U 


Fia. 119 


XbC X- C d 1 nnnU 

Z ad does not = Z ab + Zu + Z cd unless — - R ^ Rd 
ratio has the same sign. 


Zad = V Rad 2 + Xad 2 , 

7 0b = IZ ab Fb C = IZ bc V cd = lZ ci . 

, Xo6 X pc Xcd J eac h 

V 0 d does not = V ab + V bc + V cd unless /jX ~ R bc R cd 


ratio has the same sign. 


V ad = iz ad - 



Fig. 120 


The complete vector dtagram (or Fig. 119 is shown in Fig m 
all vectors being located in accordance with the prmciples 
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on page 106 and measured by effective values. 

Rab Rbc _ Rc d - Rad 

COS dab = — > COS dbc = — > COS ded = — — > COS dad = — • 

^ab ^be ^ cd £ad 

P a b = V ab I COS 6 a b = PRaby Pbe = Vbcl COS dbc = PRbcy 

Prd = ^cdJ- COS ded = PRcdy Pad = VadP COS dad = PRady 

Pad = P'ab + Pbe + Pcd- 

The Parallel Connection in an Alternating-current Circuit. 

The vector diagram of a typical parallel connection (Fig. 121) is 



Fig. 121 Fig. 122 


shown in Fig. 122, all vectors being referred to the effective poten¬ 
tial (F m „) between m and n. In Fig. 121, I ab = > I cd = > 

Z\ Zi 


R\ , R 3 

cos d ab = — and cos d cd = — • 
Z i Z 2 


I mn equals the vector sum of I ab 


and led as shown in Fig. 122. The magnitude and phase relation 
of I mn may be determined from its horizontal and vertical com¬ 
ponents as explained in the addition of emf’s on page 100. The 
horizontal component of I mn is given by 


F mn R\ F mn R% 

2H = ~zT'z 1 + -z7'F 2 =Vm 


/ Ri Ri \ 

w + z?)' 


The vertical component of I mn is given by 

TV — _ V mn — 4 - ^ mn Xi _ _ v ( Xi x 2 \ 
Zi' Zi z,' z 2 ~ mn Kzs Z 2 v‘ 
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Since Imn = <Azm r +V V ') 2 ’ 


l/Ri , RsY , (*i - -Q) amperes. 
114 I™ = V ™ \ 1^* + Z 2 2 / + W Z **' 

T 7 


LJ V 

The phase angle ( 6 U) equals tan 1 ^ 7 , or 


0 mn = tan 1 - I 


' Xi _ X2 

Z£_ 

Ei_ B* 
Ui* z «* 


degrees. 


Co«e, Susceptance, 

involving parallel connections_are sunpUUe 

ing |,|, and J(f)* + (I)’ ^ 11,6 “ 


Symbol 

R 


Designation 


conductance 




susceptance 


admittance 


Formula 114 maythenbew^ 

. v./STSTiTU- - f-VW-ThSJ 

16 I..- V.. Y-amperes. 

, . , by which lass ' ~ *“ S ,ven by 

The phase angle (Omn) oy 


e mn = tan- 


i f de; 
\GmnJ 


degrees. 


, nnv nart of an alternating-current cn- 
The vector diagram for any P gusceptanC e, and admittance 

cuit expressed m terms of co diagram) and the vecto 

is shown m Fig. 1Z<5 
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diagram for the same part of the circuit expressed in terms of 
resistance, reactance, and impedance is shown in Fig. 124 (the 

V 

impedance diagram). Since I = VY = — > it follows that 

z 

118 Y = — mhos or Z = tz ohms. 




Fig. 123 


Fig. 124 


In Fig. 123, cos 6 = — and in Fig. 124, cos 8 = — • Then — = 


Z r 


and since — = RY, 
Z 


R = y 2 ohms. 


B X X B 

In Fig. 123, sin 0 = — and in Fig. 124, sin 6 = — • Then — = — 
I Z Z 4 


and since — = XY, 

z 


X = — ohms. 


When the resultant susceptance ( B ) of a parallel connection equals 
zero, Y = G and the parallel connection is said to be in resonance. 

A Summary of the Alternating-current Parallel Connection 
Relations. The following relations apply to Fig. 121 : 


Gab = 


G c d = Gmn — Gab + G c 


Xi -Xi 

Bab = ~ r T7, Bed - „ 2 

^1 “ 2 


B m n Bab -|- Bed* 


<|C5 
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It should be noted that the summation of conductances is arith¬ 
metic while the summation of susceptances is algebraic since the 
reactance is positive for inductive reactance and negative for 
capacitive reactance. 

Y ah = V Gab 2 + Bab 2 Ycd = V G c d 2 + Bed*- 

B c d • 

Y mn does not = Y a b + Y C d unless —— = — and each ratio has 

(jab (jed 

the same sign. 

Y mn = V(G mn y + (B mn y. 


Iab=~= V mn Y ab led = -7T = V mn Y cd . 

Zi Z 2 

B B 

I mn does not = I a b + led unless —^- = —j— and each ratio has 

(Tab (jed 


the same sign. 
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The Series-parallel Alternating-current Circuit. When an 
alternating-current circuit contains parallel connections the equiva¬ 
lent resistance and reactance of each parallel connection must 
be determined and the equivalent series connection substituted 


series-parallel alternating-current Circuit „ 

for^ach parallel connection. In Fig. 126 , for example, 

+ 0. and ft. - ft. + Sj . Then _ g„ 

B br GbS + B hc '~ and = 

Gbc 2 + Bbc 2 ‘ 

u-T^*- m ~ Xl+x A and 

Z- Zbc ~ V1 ^~+~Xj and v bc = IbcZbc . 

Then / 2 = anc j / 3 _ Y±. 

z2 Z 3 


0 


Pmclice Problems with answers for Chapter VI will t j 

I v 1 will be found on pages 258 to 
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CHAPTER VII 

Measurement of value of an alternating 

,02, must be pmporttona to . , a posWo „ correspond 

"-fri to 

during one cycle; that , . ^ to the average 

1 r T -o r, The deflection being pioportiona 

— | r 2 dt. In < u instruments will 

page 85. 
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the platmum-s v ‘ r T * ^ ^ mass q{ the wire being suffi- 1 
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A string attached to the center of the wire is wound around a small 
pulley and is held taut by a spring so that any change in the 
length of the wire is indicated by the proportional angular motion 
of a pointer attached to the pulley. 

This instrument, called a hot-wire ammeter, will then indicate 
the effective value of an alternating current. The instrument is 
seldom used for ordinary measurements of current since it must 
be calibrated frequently and is somewhat sluggish in action. It is 
sometimes employed in circuits in which the effective value of the 
current varies rapidly (making use of its sluggish characteristic) 
and is applied extensively to the measurement of alternating cur¬ 
rents of high frequency (as in radio telegraph and telephone cir¬ 
cuits). It is used frequently as a comparison instrument in the 
calibration of alternating-current instruments, the deflection of the 
hot-wire ammeter due to an unknown alternating current being 
later interpreted by a known direct current producing the same 
deflection. A hot-wire voltmeter may be constructed on the same 
principle (a high resistance is connected in series with the platinum- 
silver wire) but the instalment possesses no particular advantages. 

The Thermocouple Ammeter and Voltmeter. If two different 
metals or alloys, such as chromium-nickel and copper-nickel, are 
butt-welded and attached at their junctions to a wire heated by 
the current to be measured, as shown in Fig. 127, a direct emf will 
be generated at the junction which is proportional to the effective 
value of the current in the wire. A direct-current millivoltmeter 
connected to the terminals of the thermocouple will indicate the 
effective value of a current of any wave 
form or frequency. The thermocouple 
and heater are usually enclosed in an 
evacuated glass bulb to provide radia¬ 
tion of heat from the couple and to 
reduce the effect of external temperature 
variations. The instrument is especially adapted to the meas¬ 
urement of very small currents since it responds to a current 
°f a few microamperes in magnitude. The thermocouple volt¬ 
meter has a high resistance connected in series with the heated 
wire and operates in the same manner as the ammeter. 

The Electrodynamometer Ammeter and Voltmeter. A pivoted 
Movable coil controlled by spiral springs is placed within a fixed 


iac 



Fig. 127 
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coil as shown in Fig. 128. The flux density ( B ) due to the fixed 
coil, from 37, is proportional to the current (i) and since the 
movable coil is connected in series with the fixed coil and carries 
the same current (i) the force acting on the movable coil, from 36, 
is proportional to iB or i 2 . The movable coil then takes up a 

1 r T 

position proportional to — / t* dt by reason of its inertia. The 

J J o 

instrument constructed as shown in Fig. 128 and called an electro¬ 
dynamometer ammeter is adapted 
to the direct measurement of an 
alternating current not exceeding 
0.75 ampere in effective value, 
the current being limited by 
the current capacity of the spiral 
springs through which electrical connections are made to the 
moving coil. Electrodynamometer ammeters designed to measure 
currents up to 10 amperes are sometimes made (the movable coil 
is then shunted) but such instruments require careful adjustment 
for accurate measurement at all frequencies and are not generally 
used. 

In the electrodynamometer voltmeter a high non-inductive resist¬ 
ance is connected in series with the unit shown in Fig. 128, the 
resistances of the fixed and movable coils also being higher than 
in the electrodynamometer ammeter. The deflection of the volt¬ 
meter is then a function of the effective potential between its 
terminals since the effective current which produces the deflection 
equals the quotient of the effective potential and the resistance 
of the instrument. The electrodynamometer principle is well 
adapted to voltmeter construction since the current conducted by 
the spiral springs in a voltmeter does not exceed a few hundredths 
of an ampere except in the low-range instruments (0.5 ampere in 
a one-volt voltmeter). Most alternating-current voltmeters are 
therefore of the electrodynamometer type. 

The Iron Vane Ammeter and Voltmeter. If an iron vane is 
placed within an inclined coil conducting an alternating current 
as shown in Fig. 129, the force acting on the iron vane at any 
instant is proportional to the square of the flux density due to the 
current in the coil (see page 33). Since the flux density due to the 
current is proportional to the current the force acting on the iron 
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?! u , P P ° rtl0nal to the square of the current Th 
attached to the iron vane will then t.,i, nt The pointer 

1 rT e * lJI then take UP a position proportional 

,'-dl by reason of the inertia of the moving element A 
S p,ral spring attached the moving element provides the reactive 


torque as in instruments previously 
described. The iron vane principle is 
well adapted to ammeter construction 
since the moving element carries no cur¬ 
rent. Most alternating-current amme¬ 
ters are therefore of the iron vane type. 

In the iron vane voltmeter a high 
non-inductive resistance is connected 
in series with the inclined coil which is 



Fig. 129 


•Iso of higher resistance than the coil used in the iron va „ e 


ammeter. The deflection of the pointer, as in the electrodynamom- 



General Electric Co. 

Construction of Iron-vane Ammeter. 


t«mi„ B all h o? tltstomem ^”"'’ 6 be - 

i"““- — * ace„ ra ;“l„rh"™r 0? 

•te supenor qualities of the electrodynamometer ty£ 
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As previously noted in Chapter V, the electrodynamometer and 
the iron vane instruments may be employed for the measurement 
of direct current or potential but are subject to a small error due to 
terrestrial magnetism. If terrestrial magnetism aids that due to 
the fixed coil, the reading will be too high and, if it opposes, the 
reading will be too low. This error may be rectified by turning 
the instrument around 180 degrees and taking the average of the 
two readings. The iron vane type in direct-current circuits reads 
higher with a decreasing current than with an increasing current 
by reason of the hysteresis effect. 



Fig. 130 


The Electrodynamometer Wattmeter. Since the power factor 
of an alternating-current circuit is seldom known the power cannot 
generally be determined from voltmeter and ammeter readings. 
An instrument measuring the power directly, called a wattmeter, 
is therefore indispensable. In the electrodynamometer watt¬ 
meter (Fig. 130) the fixed coil is connected in series with the line 
(or conducts a certain portion of the line current) and the movable 
coil in series with a high non-inductive resistance is connected 
across the line. The instantaneous current (if) in the fixed coil 
then equals (or is proportional to) the instantaneous line current 
(it), and the instantaneous current (i m ) in the movable coil is pro¬ 
portional to the instantaneous potential (vi) between the line wires. 
The instantaneous flux density due to the fixed coil is then propor¬ 
tional to it and, from 36, the force acting upon the movable coil is 
proportional to vdi or the instantaneous power supplied through 
the line to which the wattmeter is connected. The deflection of a 
pointer attached to the movable coil by reason of its inertia will 
then be proportional to the average power in any case, or VJi cos 9 
when both Vi and h are sinusoidal. When applied to a direct- 
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turning the instrJL^t^i hTsOdfgmi oXy^ by 

potential and current coils. b ' by reversiI| g both 



General Electric Co. 

Construction of Electrodynamometer Wattmeter. 


The Induction Watthour Meter. While the TK 

hour meter described on page 89 mav he i ? SOn watt ' 

alteration for the measurement nf Y mp oyod Wlth slight 
measurement of energy m an alternating-current 
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m alternating-current measurements 

. , i v qa dop-rees by reason of the highly induc- 

(vi ) but lags it by near y g ,, \ due to the poten- 

live character of the poteatral co h the potentia , 

« coi, current re t the diac (D) by the 

coil current (i P ) • i 1 ^ is proportional to <t> P and leads it 

alternating flux (£,), 5 in the disc by e„ is 

by 90 degrees, the current t <u 
then proportional to and in phase with v. 


General Electric Co. 

Single-phase Induction Watthour Meter. 

“Ind 1. or the instantaneous power supplied to the load and the 

the ene gy l ) ^ __ RR where R k the numbe r ot revolutions 

of the disc in the time it). A series of dials (similar to those show 
t Kg 91) gearedto the disc shaft will then indicate the number of 
kilowatthours supplied to the load in a given time. 
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Instrument Transformers. The potential coils of most alter¬ 
nating-current instruments are designed for direct connection to 
circuits of 150 volts effective potential between line wires (300, 600, 
and 750 volt instruments are also available) and the current coils 
are usually designed to conduct not more 
than [5 amperes effective current. High 
non-inductive resistances, called extension : 

coils or multipliers, may be connected in S| -,. ^ 

series with potential coils when the effec¬ 
tive line potential exceeds the range of 
the instrument. The potential reading of 
the instrument is then multiplied by the 

ratio \ ^" ) where R v is the resist- 

\ «i> / 

ance of the potential coil and R m is the 
resistance of the multiplier. This use of 
the multiplier to increase the range of 
an instrument is restricted, however, to 
instruments in which the inductance of 
the potential coil is negligible. 

The shunting of current coils to increase 
the range of an instrument is not as de¬ 
sirable in alternating- as in direct-cur¬ 
rent instruments since the division of cur¬ 
rent in the alternating-current instrument '^smmKB& rr I 

between the current coil and the shunt will _1 

depend upon the frequency of the current General Eiectnc Co. 

unless the inductance of each connection Potential Coil Mul- 
is made negligible. The range of alter-- c JSldAtontting- 

nating-current instruments is extended current Instruments, 
most conveniently and accurately by con¬ 
necting potential and current transformers to the potential and 
current 'coils as shown in Fig. 132. The line current (/ i) then 
equals T C I C and the line potential {Vi) equals T p V v , where T c and 
T v are the ratios of transformation of the current and potential 
transformers respectively. The principle of the transformer is dis¬ 
cussed on page 189. 

The Frequency Meter. The measurement of frequency is often 
ac complished by an instrument in which a series of steel reeds 



General Electric Co. 

Potential Coil Mul¬ 
tiplier for Direct- 
current and Alternating- 
current Instruments. 
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l26 alternating-current measured 

Tig 133) of definite successive frequencies of vibratk 
Xe alternating magnetic field pmduc^ by a » 
: in ce wire connected across the line. The frequency 
nating magnetic flux will then be the same as tha 
potential and the reed of the same frequency will be 
tion The end of each reed is pamted white and the 
indicated by the white blur produced opposite a s« 
the frequency of each reed. 


reduce the current in coil A, increase the current in coil B, and 
change the position of the vane and the pointer. A decrease in 
frequency will cause the pointer to take a position in the other 




General Electric Co, 


Alternating-current Frequency Meter. 


direction. The reactances (XX) suppress higher harmonics if the 
wave form is non-sinusoidal. Changes of potential between the 
terminals affect both coils equally and do not alter the position of 
the needle. 

The Oscillograph. The wave form of an alternating current 
may be photographed with an instrument, called an oscillograph, 
which contains a vibrator, an intense concentrated source of light, 
and a photographic film attached to the surface of a rotating drum. 
The vibrator consists of a doubled fine strip of copper held taut 
between the poles of a powerful electromagnet as shown in Fig. 135. 
A small mirror cemented to the copper strip reflects a spot of light 
onto the film covering the rotating drum as shown in Fig. 136. 
| When an alternating current is sent through the vibrator the 
angular twist of the vibrator at any instant is proportional to the 
t Oistantaneous current. 




attached to an iron vane [V) on * 
spring. At some definite frequent \ 
determined by the relative forces on 
coils. An increase in frequency win 
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A horizontal line of light would then be seen on the surface of 
the drum parallel to its axis, the length of the line (to scale) being 
equal to twice the maximum value of the vibrator current. Since 
the drum is rotated at constant speed the sensitized film on its 



Fig. 135 Fig. 136 



surface will record the successive positions of the spot of light and 
when developed will reveal the wave form of the vibrator current. 
If light is reflected from two vibrators onto the drum, one vibrator 
being connected across the line in series with a non-inductive resist¬ 
ance and the other vibrator connected in series with the line 


General Electric Co. 


Vibrator-type Oscillograph, 


(usually shunted by a low resistance), the simultaneous wave 
forms of the line potential and the line current including their 
phase relation may be photographed. If the surface of the rotating 
drum is covered with several plane mirrors the vibrating spots of 
light may again be reflected upward to a plate of ground glass. 
The wave forms may then be seen and traced upon thin paper. 
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In the cathode-ray oscillograph shown in Fia m n 
glass tube contains an indirectly heated g ' 1,37 an evacuated 
accelerating and concentrating f™U 

electrostatically deflecting plates ID I n /’’. ‘ h tw ° 

screen (F). Electrons drawn7mm Te ofth **"«•* 

(Ai) are concentrated and acreWnt n ' 0< e )y the an °de 
The resultant cathode » v *»»«*>*? W, and A*. 

(under investigation) at (D ) an i n '' y ^ variable Potential 
on; at (DO, and then by the sawtooth potential 



Fig. 137 

wave of the time-deflecting plates at (F> i 
potential at (DO is reproduced on t « The Wave form of the 
The deflection may b?pZtcM eje ^ ^ SW “" «• 

the plate by two coils of wire located • t "” a J’ nctl “ I1 >' h - v replacing 
Since the cathode ray possesses neo-U . ghtanglesto eaf 'h other, 
oscillograph will reproduce intricate thlS tyP ® ° f 

fluency phenomena with ZeT^curZ rh °^ f d high ^ 
involved in the cathode-ren •>, y ' le e ^ ee tromc theory 
«fter reading Chapter XIII.' 0Sr “ Ph Wi ” be made clearer 

» *“ *““* ™ - *• ft-» „„ * 









CHAPTER VIII 

THREE-PHASE ALTERNATING CURRENTS 

The Generation of Three-phase Emf’s. A single-phase genera¬ 
tor has one armature winding (represented by the smglo turn 
L in Fig. 138) in which an emf, e„ = E m sin «*, is generated. A 





Fig. 138 


Fig. 139 


three-nhase generator has three armature windings (represented by 
and in which the respective generated emf s differ in phase . 




Fig. 140 


Fig. 141 


120 degrees. The three generated emfWay be repre^nWlI 

mathematically by e„ - E, sin - E " sl " “ b 

, _pc.iT, (ut - 240°). The same emf s may be repi 

^ ^diagram (Fig. 140) and by a yeetor diagra. 
(Fig. 141). 
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The Three-phase Y Connection. If the three armature windings 
of a three-phase generator are connected independently by six 
slip rings to three identical loads, x'a', y’b', and z'c' as shown 
in Fig. 142 the line currents i xa , i yb , and i zc will also differ in phase 
by 120 degrees and each current will differ in phase with its emf by 




Fig. 142 Fig. 143 

the same angle (6). The load is then said to be balanced and a 
balanced load is assumed throughout the chapter. The currents, 
referred to i xa , may be represented mathematically by i xa = 
I m sin ut, iyb = I m sin (ut — 120°), 
and i zc = I m sin (ut — 240°). The 
same currents may be represented 
by a wave diagram (Fig. 143) and 
by a vector diagram (Fig. 144). 

It will be noted (Fig. 143 for 
example) that i xa + i y t + izc = 0; 
that is, in Fig. 142, the sum of the 
currents at any instant flowing to 
the right between xx\ yy', and zz' 
equals the sum of the currents at 
the same instant flowing to the left. The line wires xx 1 , yy', 
and zz' are therefore unnecessary. If these line wires are removed 
and the terminals xyz and x'y'z' are connected as shown by the 
dotted lines the system may be operated with one-half the weight 
°f line wire required in the previous arrangement. It will be 
shown later that, in comparison with a single-phase system, the 
saving in weight is not one-half but one-quarter. 
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The latter connection, called a Y connection, is usually repre- 

p “ tz. 

tor; o' is the neutral point of the load. E oa , », 



called the effective phase emf's (®j> £*“Sector 
called the effective line emf s (Ei) ot the g 

diagram ol the ph,e muffs — 

as shown in Fig. 146, although any 
axis of reference may be assumed. 
The line emf (£«*) at the generator 
equals the vector sum of E a o and E„b. 
From Fig. 146 it will be seen_that 

E ab = 2 Eob cos 30° or E ab = ^3 E ob - 
Since the effective phase emf’s are 
equal and the effective line emf’s are 
equal it follows that in the Y connec¬ 
tion 

121 Ei = v^3 E p volts. 

The effective phase currents (Ioa, 
I ob , and hr) are equal and the 

effective line currents (ha, hb, and he) are equal. Since U 
effective line ^ follow8 that in the Y connection the 

effectiveline current (I.) equals the effective phase current (/,) or 
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h = Ip amperes. 
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The power (P p ) converted by each phase of a Y-connected 
generator, from 105, is given by P p = E P I P cos 6 where 6 is the 
phase angle between E p and I p . The total power (P) converted 
by the generator is then given by P = 3 E P I P cos 6. Substituting 

E 

for E p and 1 1 for I p the total power is given by 

Vo 

123 P = Eil i cos 6 watts. 

It should be noted that cos 6, the power factor of the three- 
phase system, is the cosine of the phase angle between the phase 
emf or potential and the phase current and is not the cosine of the 
phase angle between the line emf or potential and the line current. 


a o’ 



Fig. 147 


The Three-phase A Connection. The three line emf’s of a 
Y-connected generator are equal and differ in phase by 120 degrees 
as explained in the previous paragraph. If the three armature 
windings of a three-phase generator (ab, be, and ca ) are connected 
as shown in Fig. 147 the line emf’s will also be equal and differ 
in phase by 120 degrees. This is called a A connection. The 
load in Figs. 145 and 147 may be either Y- or A-connected. The 
effective phase currents (I ab , Iu, and I ca ) of a A-connected three- 
phase generator supplying power to a balanced three-phase load 
will be equal and differ in phase by 120 degrees as shown in Fig. 
148. Since the respective line emf’s and phase emf’s are identical 
ff follows that in the A connection 

124 Ei = E p volts. 

The effective line current ha, for example, equals the vector 
SUt n of the effective phase currents I ca and ha- Then in Fig. 148, 
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= 2 I ca cos 30° or I aa ' = v3 I ca . Since the effective phase 
currents are equal and the effective line currents are equal it follows 
that in the A connection 

125 11 = V3 I P amperes. 

The power ( P p ) converted by each phase of a A-connected gen¬ 
erator, from 105, is given by P p = E P I P cos 6, where d is the phase 



Fig. 148 


angle between E p and I p . The total power ( P ) converted by the 
generator is then given by P = 3 E P I V cos 6. Substituting E\ for 

E p and —y= for I p the total power is given by 123. 

V3 

The kilovolt-amperes supplied by any three-phase generator is 


given by 
126 


KVA 


^ EJ 1 ., , 

-kilovolt-amperes. 

1000 F 


The Three-phase V and T Connections. Three-phase line 
emf’s may be generated in an armature containing two windings 
located 120 degrees apart and connected as shown in Fig. 149. 
This is called a V connection. It will be noted that a A connec¬ 
tion with one winding disconnected constitutes a V connection. 


The power output of the V-connected generator will not be two- 


thirds that of the original A-connected generator. In Fig. 150, 


for example, phase be of the original A-connected generator is dis¬ 
connected and, for the purpose of simpler analysis, the resultant! 
V connection is replaced by a Y connection with the same line 
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potentials, line currents, and power factor. The vector H' 

for both connections is also shown in Fi» 150 * d,agram 

The kilovolt-ampere ratine- nf tt, • ^ ' 

is KVA and the power‘factor oZon'T'" 1 A ' COnnected Orator 
F ractoi of the load is cos 6. Then P ab = 

a 

A 


Fig. 149 

Vab^ab COS (30° — O ') grjfJ P t T T 

v T kva P< * ~ cos (30°+ 0 ). Since 

ar ^ ac 3 ’ total power is given by P = 

[cos (30° - ») + 00 s <30- + »)]-! KVA (cos 30“ cos A e 





Fig. 150 

a* is°ff rl TnT' Tr n T t,:d f nerator at 

generator is therefore a T «i- . Z V ° f the V "™- 

«Zo°z i :zio th : ” is, " ai 577 per 

I windings 90 degree, apart are connected as shown i„ 
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Fig 151 and E. - ^ ft. be eqUaI “ d dife 

to phase by 120 degrees. This is sailed a T eonnection. 



Fig. 151 

Other Polyphase ,^,'",111”™'"^ craMIle,- 

£ £T Sf I then eaiied a two- 




Fig. 152 

i* z? cmrl R h in Fie. 152 8X6 gqiib-I 

phase generator; the hne ends *- -**- « tour wUld i„gs 

but the line emf E a b equals V 2 
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six-phase generator the six armature windings are located 60 degrees 
apart as shown in Fig. 154. Most modern alternating-current 
generators are Y-connected three-phase generators. Two-phase 



Fig. 154 


and four-phase generators are employed occasionally in special 
cases and six-phase emf’s are frequently impressed upon syn¬ 
chronous converters (see page 170). 



Fig. 155 Fig. 156 


Measurement of Three-phase Power by Three Wattmeters. 

In the three-wattmeter method the current and potential coils are 
connected as shown in Fig. 155 for a Y-connected load and as 
shown in Fig. 156 for a A-connected load or any other load with an 
^accessible neutral. In either case the total power (P) is given by 

127 p = p x -j- P 2 p 3 watts. 

If the load is balanced the total power may be determined from 
Ihe reading of a single wattmeter since P = 3 P\ or three times the 
P°wer indicated by one wattmeter. In the A-connected load 
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the potential coil connection of the single wattmeter and two non- 
inductive connections each of the same resistance as the potential 
coil connection are connected in Y between a, b, and c to furnish 
an artificial neutral. In other words the potential coil connections 
of the two missing wattmeters are replaced by resistances of the 

same values so that the poten¬ 
tial between the terminals of 
the remaining potential coil 
connection remains unchanged 
in magnitude and phase relation 
from that in the three-watt¬ 
meter method. 

The Two-wattmeter Method. 

The instantaneous power ( p ) 
supplied to the load shown 
in Fig. 157, from 7, is given 

by p — Voaioa ! Vobiob “ 1 “ Vocboc* 
Since boc — boa boby P Voaboa ! Vobbob Vocboa Vocbob — 

( v oa — v „c) ioa + ( [v„b — Voc) bob = v ca i oa + v c bi 0 b . If two wattmeters 
are connected as shown in Fig. 157, Pi will equal the average 
value of v ca i„a and P 2 will equal the average value of v c bi„b. The 
effective phase potentials, line potentials, and phase currents 
affecting the wattmeter readings in Fig. 157 are shown in Fig. 158. 
The average value of v ca ioa is given by V ca I oa cos (30° — 9). 
Hence the power indicated by wattmeter No. 1 is given by 

128 P\ = Vd 1 cos (30° — d) watts. 

The average value of v C bi 0 b is given by V cb I„b cos (30° + 0 ). 
Hence the power indicated by wattmeter No. 2 is given by 

129 Pi = Vi 1 1 cos (30° + 9) watts. 

When the phase angle ( 9 ) is not greater than 60 degrees both 
wattmeters will read “ on scale that is, Pi and P 2 are positive. 
When the phase angle ( 9 ) is greater than 60 degrees (lagging cur¬ 
rent) wattmeter No. 2 will read “ off scale that is, P 2 is negative. 
The total power is then given by 

130 P = Pi + P 2 watts 

where Pi and 1 P 2 must be substituted with the proper signs. 



Fig. 157 
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If the phase angle (9) is unknown, as it usually is, connect both 
wattmeters so that they read “on scale.” Then change the 
potential coil terminal of wattmeter No. 1, for example, from linec 
to line b. Wattmeter No. 1 will now read (see Fig. 158) V ba I oa 



cos (30° + 9) and will read “ on scale ” if 9 is less than 60 degrees 
and “ off scale ” if 9 is greater than 60 degrees. With the former 
indication the total power is the sum of the original readings and 
with the latter indication the total power is the difference of the 
original readings. 

Since Pi = Vil, cos (30° - 9) and P 2 = VJ, cos (30° + 9) then 

p 1 ~ p b = Vih [cos (30° - 9) - cos (30° + 0 )] 

Pi + P 2 Vih [cos (30° - 9) + cos (30° + 9)] 


2 sin 30° sin 9 
2 cos 30° cos 9 


tan 30° tan 9 = and 

V3 
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tan 9 - V 3 


Pi - P 2 
Pi + P 2 


and 


cos 9 = 


Pi + P 2 

2VPS - p,p 2 + p 2 2 ‘ 
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THREE-PHASE ALTERNATING CURRENTS 


Pi and P 2 must be given their proper algebraic signs as indicated 

A single polyphase wattmeter is often used in which the moving 
(potential) coils of each wattmeter are mounted, one above the 
other on the same shaft so that a single pointer will indicate the 
total " power when the current and potential coils are properly 

connected. 

Practice problems with answers for Chapter VIII will be found on pages 266 
to 269. 


CHAPTER IX 

THE ALTERNATING-CURRENT TRANSMISSION LINE 


Choice of System and Potential. The power transmitted by 
a single-phase transmission line, Fig. 159 (a), is given by P = VI 
cos 6 and the power transmitted by a three-phase transmission line, 
Fig. 159 ( 6 ), is given by P = Vd VI' cos 6. For the same power 


transmitted by each line VI cos 0 = V3 VI' cos 6 and 1' = — 7 ^ • 

V3 


The power converted into heat in the single-phase transmission 



line is given by P = 2 PR, where R is the resistance of each line 
wire. The power converted into heat in the three-phase trans¬ 
mission line is given by P = 3 P 2 P', where R' is the resistance of 

I P 

each line wire. Substituting —7= for I', P = 3 — R' = PR'. For 

v 3 3 

the same power loss in each transmission line 2 PR = I 2 R' and R' = 
2 R. The weight (IF') of each three-phase line wire then equals 


one-half the weight (IF) of each single-phase line wire or IF' = — 

2 


The ratio of the total weight of the three-phase line to the total 


weight of the single-phase line is then 


; or 0.75. The use 


of a three-phase transmission line is then favored by a saving of 
25 per cent of the weight of wire required in a single-phase trans¬ 
mission line. The total cost of a three-phase line is more than 75 

141 



CHOICE OE SYSTEM AND POTENTIAL 


Simplex Wire and Cable Co. 

el 1 ape Shields Covered 


Paper-insulated Three-conductor 


Simplex Wire and Cable Co. 

Varnished Cambric-insulated Three-conductor Cable Covered with Steel Tape. 

The PR loss associated with the transmission of a given amount 
of power is inversely proportional to the square of the line potential 
and the line potential considered from this standpoint should be 
made as high as possible. An increase of line potential is accom¬ 
panied, however, by an increased cost of insulators and trans¬ 
formers (described on page 189), increased spacing between wires 
resulting in an increased cost of construction, and by an increased 
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per cent of the cost of a single-phase line, however, since the three- 
phase line requires more insulators and cross-arms, and the labor 
cost (stringing of three wires instead of two) is greater. 


The Okonite Company. 


Cable Designs, (a) Standard concentric cable, (6) Compack concentric 
cable, (c) Standard sector cable, ( d ) Compack sector cable, (e) Rope concentric 
cable, (f) Annular (rope core) cable, and (g) Segmental sector cable. 
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corona loss. The air, particularly at the surface of the line wires, 
becomes conducting under the influence of high potential gradi- 
-— ents and small currents will flow through the 

■ air from one conductor to another throughout 

the entire length of the line. The corona loss 
« ji is reduced by installing large diameter con- 

■ ductors (often hollow) with the surface as smooth 

_ as possible. 

M in high-voltage underground construction, 
which is employed only in congested places, con- 
ductors of \ to 1 inch in diameter are supported 
and insulated in conduits or in lead sheaths by 
paper insulated with dry mineral oil. No insula- 

■ tion is used in overhead construction except 

for secondary distribution systems at 2 or 3 

■ kilovolts where wires are closely spaced and may 

swing together in the wind. The maximum po¬ 
tential at the moment is 287.5 kilovolts for over- 
-head lines and 220 kilovolts for underground. 

General Electric Co. . mi • <• 

Transmission Line Calculations. The size of 
Single-pole Light- w j re adopted in any case should be governed by 
n * n f A !T!f ter Kelvin’s law (see Formula 34), by the relevant me¬ 

chamcal conditions (thetensionm the wnredepends 
upon the distance between towers, ice loading, and wind pressure), 
and by the allowable difference in the line potentials at the genera¬ 
tor and load ends of the line. The vector diagram of a single-phase 
transmission line is shown in Fig. 160, where h is the line current, 
Ri is the line resistance (both wires), A'; is the line inductive react¬ 
ance (both wires), Vl is the line potential at the load, Vq is the line 
potential at the generator, d L is the phase angle between the line 
potential and the line current at the load, and do is the phase angle 
between the line potential and the line current at the generator. 
The line resistance may be determined from a wire table and the 
line reactance from coL (L is given per mile per wire by 55). The 
line potential at the generator from Fig. 160 is then given by 

133 Vo — a/(Fl cos 61 -f- IiR{) 2 (Vl sin 9l -)- / iX{) 2 volts. 

It should be noted that the sign of sin 6l is negative if the 
line current leads the line potential at the load as in Fig. 161. 
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General Electric Co. 


Three-phase Oil Circuit Breaker. 


It should also be noted that when the line current leads the line 
potential at the load as in Fig. 161 the line potential at the load 
may be greater than the line potential at the generator. This 
effect is also realized in a long transmission line operated without 


Fig. 160 


Fig. 161 
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Ohio Brass Company. 


Double-circuit, Three-phase, Pin-type Transmission Line. 



TRANSMISSION LINE CALCULATIONS 
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American Bridge Company. 


Detail of Single-circuit, Three-phase Suspension-type Transmission Line. 


load since the transmission line wires and S 

dium form a condenser. The capacitance of the condenser being 
distributed throughout the length of the line, the line current wdl 
be greatest at the generator end and zero at the load end of the h 
The exact solution in this case must therefore take mto account 

the distributed capacitance of the line. 

The power factor (cos B 0 ) at the generator end of a singlc-pha. 

transmission line, from Fig. 160 or Fig. 161, is given by 


134 


cos Bg — 


VL COS Bl + I iR l 

Vg 


The efficiency („) of a single-phase transmission line is given by 

VlU cos Bl 

135 'B VlIi cos Bl + h 2 Ri 

Three-phase potential calculations are made with the assump¬ 
tion that the generator and load are Y connected as shown m 
Fig 162 Since the potential between o and o , the respectiv 
neutral points of the generator and load, is zero by symmetry a 



TRANSMISSION LINE CALCULATIONS 


American Bridge Company. 

Single-circuit, Three-phase, Suspension-type Transmission Line Showing 
Transposition of Conductors to Reduce Induced Emf’s in Communication 
Systems. 




150 ALTERNATING-CURRENT TRANSMISSION LINE 


conductor of zero resistance and reactance may be assumed to be 
connected between o and o'. Calculations may then be made for 
the single-phase circuit ( oaa’o’o ), the other two phases being 



disregarded. The vector diagram for this single-phase circuit 
may then be constructed as shown in Fig. 163, where h is the line 



current, Ri is the line resistance (one wire), Xi is the line inductive 

V L 

reactance (one wire), —7= is the Y-phase potential at the load, 
V3 


— 7 = is the Y-phase potential at the generator, 6l is the phase angle 
v 3 

between the Y-phase potential and the line current at the load and 
6g is the phase angle between the Y-phase potential and the line 
current at the generator. The line potential (F 0 ) at the generator, 
from Fig. 163, is then given by 


136 Vo 


= V WGtI cos^/ 4 + ^sin e L + hx)j 


volts. 


The sign of sin 0 L is negative if the line current leads the Y-phase 
potential at the load. 


TRANSMISSION LINE CALCULATIONS 



Ohio Brass Company. 


Detail of Pin-type Insulator. 


Ohio Brass Company, 

Detail of Suspension-type Insulator. 
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The power factor (cos 0 a ) at the generator end of a three-phase 
transmission line is given bj 


: cos 6l + IiRi 


cos da = 


The efficiency (n) of a three-phase transmission line is given by 

V3 VlIi cos _ 

71 VlIi cos Bl + 3 Ii'Ri 


Practice problems with answers for Chapter IX will be found on pages 269 to 
271. 


CHAPTER X 

THE SYNCHRONOUS GENERATOR 


Construction. The synchronous generator contains an arma¬ 
ture with a single-phase or polyphase winding and a magnetic field 
excited by a separate source of direct current. The armature 
winding may be endless (as in a direct-current dynamo) but is 



General Electric Co. 


Revolving Field of a Three-phase Synchronous Generator. 

usually open. In a single-phase generator the ends of the open 
winding are connected to the line and in a three-phase generator 
the three windings are A or Y connected (usually Y). The arma¬ 
ture may be stationary or revolving (usually stationary for genera¬ 
tors of more than 500 kilovolt-amperes capacity). Among the 
advantages of the stationary armature are the opportunity for 
installing better insulation, more thorough cooling (by forced 
ventilation), and more substantial terminal connections to the line. 
A revolving field may also be constructed to withstand higher 
centrifugal stresses than a revolving armature. The windings of a 
revolving armature are connected to the line through two or more 
slip rings and a revolving field winding is connected to its source 
of excitation in the same manner. 

Large rotating electrical machines, particularly synchronous 
generators, are sometimes completely enclosed by a steel tank 
filled with hydrogen gas. The windage loss, due to the lower 
density of the hydrogen, is about 10 per cent of the loss with air. 
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or 3600 rpm, and for a 25-cycle generator „ r , m „ 


and reduced corona. Air being excluded from the tank there is no 
fire hazard and with the heavy housing as a sound insulator the 
unit as a whole operates more quietly. 

The frequency of a synchronous generator equals the product of 
the number of poles (p) and the speed ( S ) in revolutions per minute 
divided by 120. The speed of a synchronous generator must 
therefore be maintained constant and is given conversely by 

139 S = -—— revolutions per minute. 


The maximum speed of a 60-cycle generator is then 


120 X 60 


^ 1 pill. 

Emf Generated by a Synchronous Generator Th» 

mum emf generated in the armature of a eingle-ph.ee genemto 


Turbine Rotor and Stationary Armature of a Three-phase 
Synchronous Generator. 

wclortun ofT a ‘" re 8 ' 0te are aUed with “o-xluutora equals 

j te sl r“r m cmf ’ s ge, ' erated in the < 

ucto.s. Since the emf’s generated in two adjacent conducl 
dtffer m phase by the subtended angle the individual emf’s n 
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The maximum rating of generators may be increased as much as 
20 per cent due to the superior cooling properties of the hydrogen. 
The life of insulation is increased due to the absence of oxidation 


General Electric Co. 


Stationary Armature of a Three-phase Synchronous Generator. 
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be represented by vectors of equal length drawn tangent to the 
surface of the armature. The vector sum of the individual emf’s 
is then represented to scale by the diameter of the armature (ab in 
Fig. 164). It will be noted that if the slots adjacent to a and b 
are left vacant the emf generated in the armature is proportional 
to the length ( cd ) which is nearly equal to the length (ab). It is 



Fig. 164 Fig. 165 


then evident that the conductors in the slots adjacent to a and b 
should be eliminated since they contribute little to the emf of the 
generator and increase the armature resistance and reactance if 
included. It is for this reason that approximately one-third of the 
slots of a single-phase armature are left vacant. 

In a three-phase armature (Fig. 165) the emf generated in each 
phase is proportional to the length (ab), (be), and (cd). Since each 
phase belt extends over a smaller portion of the circumference of 
the armature all the armature slots may be filled with conductors. 
In a single-phase generator the entire circumference of the armature 
may not be used effectively and its armature must therefore be 
larger in diameter than the armature of a three-phase generator 
of the same capacity. The single-phase generator in consequence 
weighs approximately 30 per cent more than the three-phase gen¬ 
erator and is therefore more expensive. 

Armature Reaction in Synchronous Generators. If the alter¬ 
nating current established in a single turn of wire revolving at a 
speed of w radians per second is in phase with the emf generated 
in the single turn the mmf due to the alternating current at any 
instant is given by / = 0v, sin oit, where 7m is the maximum mmf 
due to the current. The mmf along the axis (XX') in Fig. 166 
acting in conjunction with the field mmf is then given by 


f — 7m sin oit cos c ot 



The mmf due to the armature 


2 
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current at any instant along the axis (XY'\ ,i -a, , 

generated in the rotating f . fl ;i ' ‘ . * °tted with the emf 

is shown in Fig M It ho , TZ for «®P->™°n 

S ' WlH be noted th at the frequency of the 


mmf due to the armature current 
along the axis (XX') is twice 
that of the generated emf and that 
this mmf successively aids and 
opposes the field mmf. The vari¬ 
ation of the armature mmf in a 
single-phase generator with a con¬ 
centrated or distributed winding 



is the same as that shown in Fig. 
167, the magnitude of the mmf 


Fig. 166 


being less however in the distributed winding than in the eoneen. 


trated winding. The magnetic flux pmduced by the armature 


mmf is alternating and the hysteresis and eddy-current loss in the 




Fig. 167 


Fig. 168 


s ~ r i Sr? 

as shown in Fig. 168 and the emf and current in L 1 t ature 
phase the sum of the currents and their flirt .r " L * U f D are ' n 
the interpolar plane at any instant will he constant* “‘tT' 1 ’ 
flux due to these armature currents 
mtnde and direction. Since the direction of this flux % 
pendicular to the flux due to the field mmf it will neither* aid n« 
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RELATION BETWEEN GENERATED EMF 


159 


oppose the field flux but will distort the flux through the armature 
and reduce its magnitude by saturating the leading pole tips. The 
conductors in a three-phase armature are connected in groups 
(aa\ bb', and cc') as shown in Fig. 168 and will therefore produce 
a magnetic flux (T„) which is substantially constant in magnitude 
and direction. The hysteresis and eddy-current loss in a three- 
phase generator will then be much smaller than in a single-phase 
generator and the efficiency of a three-phase generator will there¬ 
fore be higher than that of a single-phase generator. 

Effect of Power Factor upon the Generated Emf of a Synchro¬ 
nous Generator. In the single-phase generator (Fig. 166) the 
armature mmf at any instant along the axis (XX') when the 
armature current lags the generated emf by 0 degrees is given 

by / = sin (at - 0) cos at = (sin (2 at - d) — sin 0) 

= — sin (2 at - 0) — — sin 0. This mmf plotted with the emf 
generated at the same instant is shown in Fig. 169. It will be 


Fig. 169 Fig - 170 

noted that when 0 equals zero (Fig. 167) the successive magnetiz¬ 
ing and demagnetizing effects of the armature current are equal 
but that the demagnetizing effect with a lagging current (Fig. 169) 
is greater than the magnetizing effect. When the armature current 
leads the generated emf by 0 degrees / = (Fm sin (at + 0) cos at 

= — (sin (2 at + 0) + sin 0) = ^ sin (2 at + 0) + y sin 0. This 

mmf plotted with the emf generated at the same instant is shown 
in Fig. 170. It will be noted that with a leading armature current 
the magnetizing effect of the armature current is greater than the 
demagnetizing effect. The net armature flux and the generated 


emf in consequence, is therefore weakened by a lagging current and 
strengthened by a leading current. 

In a three-phase generator the plane of the flux (4>„) due to the 
armature currents will be turned in the direction of rotation through 
an angle (0) wffien the current in each phase lags the phase emf 
by 0 degrees, as shown in Fig. 171, and will be turned in the opposite 
direction through an angle (0) when the phase current leads the 
phase emf by 0 degrees. A lagging current then produces a 
demagnetizing effect and a leading current a magnetizing effect 
in the three-phase generator. The generated emf will therefore 
be decreased by a lagging current and increased by a leading current. 




Relation between Generated Emf and Terminal Potential. 

The vector diagram for a single-phase generator is shown in 
Fig. 172. E a is the generated emf, V t is the terminal potential, 
la is the armature current, 0 is the phase angle between the terminal 
potential and the armature current, R a is the armature resistance, 
and X a is the armature inductive reactance. The generated emf, 
from Fig. 172, is then given by 

140 E a = V (Vt cos 0 + I„R a ) 2 + (V t sin 0 + I a X a ) 2 volts. 

The sign of sin 0 is negative if the armature current leads the 
terminal potential. 

The vector diagram for one phase of a three-phase generator is 
shown in Fig. 173. E p is the generated phase emf, V p is the phase 
potential, I v is the phase current, 0 is the phase angle between the 
phase potential and the phase current, R p is the phase resistance, 
and X p is the phase inductive reactance. The generated phase 
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emf, from Fig. 173, is then given by 

141 Ep = AF+ (Fj, sin 0 + W volts- 

In a 4 -connected generator E, - E„ and in a Y-conneeted gen¬ 
erator E, - Vis E, Sin « is negative il /, leads V,. 




Fig. 173 


Fig. 174 


Parallel Operation of Synchronous Generators. Before gen¬ 
erator No. 2 can be connected in parallel «%nj 
Fig. 174 the following conditions must be satisfied. (D the termi 
.potentials V\ and V,, must have the same frequency, (2) the termi 

^Tp, and («,X 

Any device connected across the open switch that willuuiwatetoe 
current flowing in the circuit abed may be employed to synchron 

th in"hcXkTmp method incandescent ^ are — 
across the open single-phase switch as shown in Fig 175 W- 1 
the generators are not in synchronism the lamps will either bun 
steadily or flicker. The speed and terminal potential of each 
generator, must then be adjuster 

the switch may then be closed. 1 he conneciiuns u. t y 

£ SSTS Jig. ? <<> 

six sar zzi j ps 
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burn brightest and do not flicker. Synchronism of three-phase 
generators by the bright lamp method is indicated when one lamp 
is dark and the other two lamps are equally bright. The dark 
lamp method in general is not as dependable as the bright lamp 
method because a lamp may burn out during the synchronizing 



Fig. 175 


period and deceive the operator. The dark lamp method also is 
not as accurate because an incandescent lamp remains dark with 
considerable potential between its terminals. A bright lamp on 
the other hand indicates very accurately the time when the 
potential across its terminals is a maximum. An instrument 
called a synchroscope, or a synchronism indicator, may be con¬ 
nected between the generator to be synchronized and the bus¬ 
bars. The slow rotary motion of a pointer on the instrument 
indicates whether the generator to be synchronized is running too 
fast or too slow. Synchronism is indicated when the pointer 
remains stationary in a vertical position. 

After the two generators (Fig. 174) are connected in parallel the 
load may be distributed between the two generators by regulating 
the mechanical power input to each generator (admit more or 
less steam to a steam turbine for example) and by adjusting the 
generated emf’s of the two generators. The adjustment of the 
generated emf’s alone will effect no change in the power sup¬ 
plied by each generator but will change the power factor of each 
generator. The mechanical power input and the generated emf 
of each generator should be adjusted until each generator supplies 
its proportion of the total load and the power factor of each genera¬ 
tor is the same and equal to the load power factor. 

Practice problems with answers for Chapter X mil be found, on pages 272 to 273. 




CHAPTER XI 

THE SYNCHRONOUS MOTOR 

The construction of the synchronous me 

« same as that of the synchronous generator 

, stationary or revolving single-phase or three 


General Electric Co. 

Three-phase Synchronous Motor with 
Revolving Field. 


General Electric Co. 

Armature of a Three-phase 
nchronous Motor. 

ire and a magnetic field excited by a separate source 
t . Since it usually operates at slower speed iUs la 
>re poles than a synchronous generator of the same^ 
ting Conditions. If an alternating current is estab 
mature winding located in a magnetic field of fixe 
wn in Fig. 176 the armature torque is alternating, 


STARTING CONDITIONS 
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for the direction of current shown in Fig. 176 and counterclock¬ 
wise during the next half-cycle. There is therefore no net torque 
in either direction and the synchronous motor is not self-starting. 
If the armature (or the field, as the case may be) is rotated by an 

120 / 

auxiliary motor at a speed of-- revolutions per minute and the 

emf generated in the motor armature is made equal and opposite 



General Electric Co. 


Three-phase Synchronous Motor with Direct-connected Exciter. 


to the line potential at any instant the alternating current estab¬ 
lished in the armature winding when the line switch is closed and 
the auxiliary motor is disconnected will change in direction 
synchronously with respect to the poles so that the direction of the 
armature torque will remain constant. It will be noted, in Fig. 
177, that the armature has turned 180 degrees from the position 
shown in Fig. 176 and since.the current has also reversed in direc¬ 
tion the torque is still clockwise. The torque of a single-phase 
motor will be pulsating but in a three-phase motor the torque will 
be nearly constant. In starting a synchronous motor synchronism 
may be indicated by the dark or bright lamp method or by the 
synchroscope employed in synchronizing generators operated in 
parallel. After the synchronous motor is synchronized and con- 
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nected to the line the auxiliary motor may be disconnected electri¬ 
cally or mechanically. The synchronous motor will then rotate 
under its own torque at constant speed (given by 139). lhe 


Fig. 170 FlG - 177 

starting of a three-phase synchronous motor at no load as an 
induction motor without the auxiliary motor will be discussed in 

^ 'The* Effect of Changing the Load on a Synchronous Motor. 

The terminal potential (7«) of a single-phase synchronous motor 
must equal the vector sum of the generated emf (E a ), the resist¬ 
ance potential ( I a R a ), and the inductive reactance potential (/.A.) 

as shown m Fig. 178. lor 
the three-phase motor the 
same diagram may be con¬ 
structed substituting V P for 
V t , E p for E a , IpRp for I a Ra, 
and IpKp for I a X a . An in¬ 
crease of load will cause the 
armature to slow down mo¬ 
mentarily and then continue 
to rotate at the same constant speed as before. Each conductor 
on the armature will then pass a given point on a pole face a little 
later than it did before the load was increased. The generated emi, 
while unchanged in magnitude except through the effect of armature 
reaction, will then lag the terminal potential by a greater angle as 
shown by the dotted vector in Fig. 178. The armature current 
will then be readjusted in magnitude and phase until the power 
input to the motor equals the power output plus the losses. In a 
direct-current shunt motor, for comparison, an increase m load 
reduces the speed and the generated emf (in consequence), and 





EFFECT OF CHANGING A SYNCHRONOUS MOTOR 165 


increases the armature current. In the synchronous motor a 
permanent change in speed is impossible so that an increase in the 
power input required by an increase in load must be obtained by a 
shift in phase between the generated emf and the terminal potential 
with a consequent increase in the armature current. 

If changes in the load, or changes in the frequency of the source 
of electrical power, become regular and continuous, the rotor of the 
synchronous motor may be set into undesirable vibration, called 
“ hunting.” For the same reason the sudden application of a 
heavy load may cause the rotor to drop out of synchronism and 
come to rest. The reduction of the effects of “ hunting ” in 
synchronous motors will also be discussed in Chapter XV. 



Fig. 179 


The Effect of Changing the Excitation of a Synchronous Motor. 

If the excitation of a synchronous motor operating under the con¬ 
ditions shown in Fig. 178 is increased the generated emf must 
increase and the electrical conditions will then be represented by 
the vector diagram shown in Fig. 179, where Vt is referred to the 
same axis of reference as in Fig. 178. The ratio of the potentials, 
I a X a and I a R a , being fixed by the ratio of X a to R a , only one 
reactance-resistance potential triangle may be drawn between a 
and b for the existing operating conditions in the motor. Since 
I a is always parallel to IaRa, a sufficient increase in the generated 
emf will force the armature current into the position shown 
in Fig. 179. The power factor of a synchronous motor may thus 
be controlled by adjustment of the field current. Since the 
current supplied to the motor depends upon the power factor for a 
given load the magnitude of the armature current will also depend 
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upon the field current. A plot of the armature current and the 
field current of a synchronous motor at full load and half oac 
(called the V curves of a synchronous motor) is shown in tig. ISO. 
On the full load curve, for example, the speed being constant, the 
torque is constant at all points on the curve. A constant torque 
with variable armature current is explained by inverse changes in 
air-gap flux due to armature reaction. 



Fig. ISO Fig - 181 


When synchronous motors are operated independently the power 
factor of each motor may be made unity by adjustment of the held 
current, and the motor drive may be operated at maximum 
economy by reason of minimum PR loss and maximum use of the 
capacity of the motors, line wires, transformers, and generators. 
Since the current for a given load is a minimum at unity power 
factor, changes of terminal potential due to changes in load 
(called the voltage regulation) will be a minimum. If one or more 
synchronous motors are connected in parallel with other motors 
which operate under a lagging power factor not subject to control 
the field current of the synchronous motors may be adjusted until 
the wattless component (//) of the leading synchronous motor 
current equals the wattless component (/,') of the lagging current 
supplied to the other motors. The line current /,) m Fig. 181 
will then be in phase with the line potential (Vi) (or the Y-phase 
potential of a three-phase line) and the system will be operated at 
unity power factor. A synchronous motor used for this purpose 
(correction of power factor) is sometimes called a synchronous 
condenser and may either supply mechanical power or be operate 
under no load. Static condensers are often used in place ol syn¬ 
chronous motors to accomplish the same effect. . 
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The Electric Clock. Synchronous motors of two types are 
operated in electric clocks on alternating-current systems and 
give accurate time at little expense. In the self-starting motor 
shown in Fig. 182, the shaft of the rotor ( R ), stamped from a single 
sheet of soft steel, is connected by a double worm gear to the 
hands of the clock. When the stationary armature winding 
(IFIF) on the laminated field poles (PP) is connected to a 60 cps 
alternating-current circuit an alternating flux passes horizontally 
through the rotor and also through the heavy copper rings ( R'R') 
in the “ shaded ” pole slots. The alternating currents induced in 



Fig. 182 Fig. 183 


the rings produce an alternating flux which, combined with the 
main flux, establishes a rotating flux which starts the motor as 
explained in Chapter XV. As the rotor comes up to speed it 
becomes polarized (N and S) and jumps into synchronism (3600 
rpm). Interruption of current causes the rotor to coast down to 
rest. It is demagnetized on the way by the small residual magnet¬ 
ism in the laminated field poles and will start again when service 
is restored. 

In the “ phonic ” motor a laminated soft iron wheel with square 
teeth, as shown in Fig. 183, must be spun above synchronism after 
the winding (IF) on a laminated iron core is connected to a 60 cps 
alternating-current circuit. The polarity at A and at B reverses 
every 1/120 of a second and, as the wheel tends to drop below 
synchronism, pulls the nearest tooth and the wheel into synchro¬ 
nism. Synchronous speed is 7200 rpm divided by the number of 
teeth. The hands of the clock are driven by gears of proper 
reduction. 

Practice problems with answers for Chapter XI will be found on pages 27S to 
27n. 



CHAPTER XII 



THE SYNCHRONOUS CONVERTER 

Construction. A synchronous convertor is similar in construe- 
tiem to a shunt or compound direct-current generator with the 
addition of two or more slip rings connected to the armature wind¬ 
ing The synchronous converter then consists of a revolv g 


Westinghouse Electric and Manufacturing Co. 
Six-phase Synchronous Converter. 

drum-wound armature with a commutator and slip rings, and a 
shunt or compound field winding. The single-phase converter 
(rarely used) has two slip rings connected to respective points in 
Ihe armature winding located 180 electrical degrees apart ami 
the three-phase converter has three slip rings connected to respec 
tive points in the armature winding located 120 electnca eg 
apart, etc. 
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Applications of the Synchronous Converter. In certain appli¬ 
cations of electric power direct currents are more desirable than 
alternating currents; notably, in arc lighting, in electric motors 
requiring close speed adjustment, in electrolytic processes in which 
the desired chemical action depends upon the direction of the cur¬ 
rent, in most electric railway systems due to the relevant adapta¬ 
tion of the series direct-current motor, in motion picture projection 
apparatus using arc lamps, in general application to telephone 
systems with some exceptions, in many forms of electric arc 
welding, in lifting magnets, in many types of electromagnetic 
relays, and in the transmission of power at high potential. In the 
last application subsidiary apparatus is in the process of develop¬ 
ment and the potential will be higher than that attainable in 
synchronous copverters. If a synchronous converter is syn¬ 
chronized and connected to an alternating-current source of power 
it will operate at constant speed as a synchronous motor. The 
rotating armature will also serve as the armature of a direct-current 
generator. Direct current can then be taken from the brushes on 
the commutator side, supplying power to a direct-current load 
and also furnishing excitation to the field winding. The principal 
use made of the synchronous converter is in this capacity; namely, 
to convert alternating-current power into direct-current power. 
The same machine may be operated as a direct-current shunt or 
compound motor and convert direct-current power into alternat¬ 
ing-current power. A synchronous converter may be connected, 
for example, between a storage battery and an alternating-current 
system when conditions require the maintenance of a storage 
battery reserve. It may also be used to supply power to an 
alternating-current radio receiver from a direct-current source 
although a magnetic vibrator is more often employed especially 
in radio receivers installed in automobiles. If the armature be 
driven mechanically a synchronous converter may be employed 
to convert mechanical power into alternating- and direct-current 
power simultaneously and is often called a double-current 
generator. 

Relation between the Direct Emf and the Alternating Emf 
Generated in a Synchronous Converter. In a single-phase 
synchronous converter the emf ( Edc ) generated between the com¬ 
mutator brushes equals the maximum emf ( E m ) generated between 
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, • The effective value (*?«) of a sinusoidal emf 

geLratedln a single-phase converter is then given by 

p _ = 0.707 Edc volts. 

142 V2 

, n t the emf generated between two diametn- 
the armature wmdiu, of a syuchronoue 



Fig. 184 


, /p \ in Fie 184 the effective 
Liberated ta a three-phase synchro- 

Exv Edc „ _ j_£ w 

nous converter is given by E« = ^' bmee *» 2 


V3 E 


— a nd the effective emf (E«) generated between the 

V 2 


slip rings of a three-phase_synchronous converter is given by 

M3 E „, n |es,-°. 612 E* volts. 


, , _ p „ nf i e . for any number of 

The general relation between E ac and 4* 

phases is given by 

144 = 0-707 Edc sin ^ volts 


, f 1 - r : nB .g equals two for a single-phase con- 
er of phases for a po.yphase converter. 

in a four-phase converter, for example, E« - 0.707 E, sm j o, 
E. - 0.500 E*. In a six-phase converter, - 0.354 E*. an< 
in a twelve-phase converter, - 0.183 Edc- 
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Relation between the Direct Current and the Alternating Cur¬ 
rent in a Synchronous Converter. The approximate relation¬ 
ship of the direct and alternating current may be determined by 
neglecting the copper losses and rotational losses in the converter. 
In a single-phase converter the alternating-current power input 
then equals the direct-current power output and, assuming unity 
power factor, E ac^-ac E del dc* Substituting 


for E ac , 
V 2 


lac E deld 


= \' / 2 lie = 1.41 / 


dc amperes. 


Since the maximum value (I m ) of a sinusoidal alternating current 
equals V2 times the effective value the maximum value of the 
alternating current in a single-phase converter at unity power 
factor is given by I m = V 2 ■ \ 2 I dc = 2 I dc . 

In a three-phase converter operating at unity power factor 
\/3 Eaclac = E del dc Or 




Edclac — E del dc cincl la 


= \1 7<fc = °- 


— I 8 

= V3V3 


Idc or 


943 Idc amperes. 


The general relation between I ac and in any synchronous 
converter is given by 

r 2 - 83/ * 

147 lac = —T7T amperes 

vn{ pf) 


where t) is the efficiency, n is the number of slip rings (defined under 
144), and pf is the power factor. 

The Advantages of the Polyphase Converter. In a single-phase 
converter (Fig. 185) the direct current enters the armature at the 
negative brush and flows through two paths in the armature wind¬ 
ing to the positive brush. The alternating current (for the 
position shown) enters the armature from the positive slip ring 
and flows through two paths in the armature winding to the 
negative slip ring. In conductor No. 1, the alternating emf 
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between the slip rings being zero for the position shown, the 
current will also be zero for operation at unity power factor and 

will vary during one revolution as 
shown in the curve (i ac ) in Fig. 186. 
The direct current flowing in con¬ 
ductor No. 1 will vary during one 
revolution as shown in curve (i*) in 
Fig. 186, idc being approximately equal 
to one-half the maximum value of 
iac and reversing in direction under 
each brush. The composite current 
(ii) flowing in conductor No. 1 dur¬ 
ing one revolution is then given by 
the sum of i„ and idc at any instant. In conductor No. 2 
(located half-way between the slip ring connections) the composite 
current (it) is given at any instant by the sum of the currents i ac 
and idc as shown in Fig. 187. 



Since the heating effect of the current is proportional to i 2 R at 
any instant it will be noted by comparing i\ and it at any instant 
that more power will be converted into heat in conductor No. 1 
than in conductor No. 2 (actually 6.6 times as much in No. 1 in 
one cycle as in No. 2). The capacity of a single-phase converter 
is thus limited by the excessive heating of those conductors located 
near the slip ring connections. A similar analysis of the heating 
effect in the various armature conductors of a polyphase converter 
will show that the relative heating effect becomes more uniform 
as the number of phases is increased. The average heating effect 
in the armature winding as a whole is also decreased because the 
average effective value of the composite current in a polyphase 
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Induction Motor-generator. 
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Synchronous Motor-generator. 
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X owe"f» t or compared with its capacity "ratod as 
a direct-current generator is given in per cent as follows. 

Number of slip rings 2 3 ± ^ ^ & 

Relative capacity 80 z 


The six-phase converter is used extensively for this reason, the 

The six-phase diametrical transformer connections usually 
ployed for the conversion of {MmM j [mmmJ 

three-phase to six-phase aie 

, - t?- i«s /winnswi 1 trowtfV fswsotnfv 

shown in Fig. 188. , ooooouu*- j. w 3 

Motor-generators versus Syn- V 

chronous Converters. The con- / 

version of alternating-current 2 lf 

power to direct-current power or / ] \ 

the reverse may also be accorn- V 

plished by coupling an alternate- 2> 

ing-current motor to a direct-cur- -—3—— 

rent generator, the combination I- 

being called a motor-generator. A Fig. 188 

comparison of the s ^ ch ™°^ or reveals certain advantages in 
converter with the motor-g namely higher efficiency, 

favor of the synchronous converter T he motor-generator, if 
lower cost, and less space re ^ u “® ' i es n0 synchronizing and 

it be an induction motor-generator, requires no y con _ 

may therefore be 

Cal» T be e vS a o' er . wider range than the generated emf of 
“ CharUr X “ Wittb ‘” md “ W 


Era. 188 


CHAPTER XIII 


ELECTRONIC THEORY AND APPLICATIONS 

Thermionic Emission. Electrons may be drawn from a con¬ 
ducting material into the surrounding space by applying a potential 
gradient at the surface sufficient to overcome the forces which 
bind the electrons to the material. The required potential gradi¬ 
ent in general is too high to give the method practical value. 
Bombardment of the surface with high-velocity particles will 
cause some degree of electronic emission but the strength and 
direction of the flow is not easily controlled and the surface will be 
quickly disintegrated if extraction of some magnitude is required. 

Under conditions somewhat similar to the evaporation of mole¬ 
cules from liquids, electrons may leave heated materials with a 
comparatively low potential gradient at the surface or even with 
none at all. Tungsten is a good emitter at 2200 C, thoriated 
tungsten at 1800 C, and barium or cesium oxide at 800 C. Elec¬ 
tronic devices operating at low potentials usually employ barium 
or cesium oxide coated filaments but at high potentials tungsten 
or thoriated tungsten filaments must be used to withstand the 
consequent forces of disintegration. The best source of emission 
when the current density is large is a pool of mercury with the 
liquid as a whole at a temperature ranging from 10 C (0.0005 
millimeter Hg pressure) to 50 C (0.015 millimeter Hg). 

Construction and Operation of the Diode. The simplest 
example of the use of thermionic emission is shown in the diode 
(Fig. 189). A heated filament (the cathode C) is centered in a 
hollow metal cylinder (the anode or plate A) and all are located 
in an evacuated glass or metal tube ( B ) with connecting pins 
( DEF ) in the base. When the heating current is alternating 
the cathode is usually an indirectly heated thimble placed over the 
filament. A cross section of a diode without the evacuated 
enclosure is shown in Fig. 190. 

With the diode in operation an electron carrying a charge (e) 
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and located at a distance (r) from the “"f ““'"alSs 

'r ^itTdi f c°Teater m than r their equal and opposite 

Assuming f to be small compared 



Fig. 190 

Fig. 189 


with the axial length of the filament and taking the charge ( 9 ) 
per unit of axial length, the force will be given by — : outward 


electrons moling from to filament .0 the plate. The resultant 


A V x 

force on e will then be — (qb - <W- 


With the temperature of the filament fixed, the plate cun 
(/ ) for any plate potential (V P ) will be limited as shown m Fig. 19 
by (l) 1 the rate rf electron emission from the filament and (2) 
by the space charge located in the outer space; that is,*t»d* 
tance greater than r from the center of the filament It will be 
noted that if the plate potential is alternating the force on am 


electron at a radius (r) will alternate from (g» - «.) (outward) to 
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— (—Qb — Qs) (inward) and the device will serve as a half-wave 
r 

rectifier of very small alternating currents. 

The Function of the Grid in the Triode. If a cylindrical screen 
of widely spaced small wares (the control grid (CG) in Fig. 192) is 
located at a radius (r) from the center of the filament and the plate 
potential (F p ) is fixed, the plate current (/,,) will vary with the 



Fig. 191 Fig. 192 


grid potential ( V„) as shown in Fig. 193. The force on any elec- 

2 e 

tron between the grid and the filament will be — (qi — q s ± q c ), 

r 


where q c is the charge on CG and depends upon the polarity of V B . 
A grid potential of high frequency, for example, which alternates 
from A to £ in Figs. 193 and 194 will cause the plate current to 
alternate unsymmetrically because the curve is not symmetrical 
about D. The plate current wall vary as shown in Fig. 194 and 
the diaphragm of a telephone receiver connected in the plate cir¬ 
cuit will move as shown by the dotted line. The same diaphragm 
would not move under the influence of the original high-frequency 
current because it possesses too much inertia. This illustrates the 
principle of the triode used as a detector. If the grid potential 
is adjusted so that it alternates between B and C (with less grid 
bias) on the straight part of the curve (Fig. 193) the plate current 
will alternate in exactly the same manner but with increased 
amplitude. This illustrates the principle of the triode used as an 
amplifier. 
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the tetrode a eeoond scree,, <t™ <9® * ** ^ 

r^r^eot w 



Fig. 193. 

+ Q nt resrardless of variations in plate potential. In 
remains constant regard e lificat i 0 n toward distortion 

this manner the tenden . , g j n the pen t 0 de a third 

and oscillation is practica y e mi ■ . g lacef ] 

screen (the suppressor or repulsion grid (RG) Pig 



Fig. 194 


between the screen E rd and the 

ffigh Vacuum Tube 

££ — d opting 

transmitted through a transformer (T) to the grid l J 


EFFECT OF THE GAS CONTENT 
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obtained by adjusting the variable condenser (C). The rectified 
(audible) current is converted into sound in the telephone receiver 
connected in the plate circuit or is sent on to other tubes for 
further amplification. 



Fig. 195 Fig. 196 


An oscillator circuit for the production of high-frequency cur¬ 
rents is shown in Fig. 19G. Any slight inductive action causes a 
regenerative current to flow through L' in the plate circuit with 

consequent induction in L. The desired frequency, / = —— \J> 

2 7T ’ lj(y 

is obtained by adjusting C. Many forms of oscillating circuits are 
used to produce the high-frequency currents (called carrier cur¬ 
rents) flowing in broadcasting antennas and in multiplex telephone 
systems. 

Effect of the Gas Content. If a thermionic tube is evacuated to 
a lesser degree — from 6 centimeters Hg to 76 centimeters (atmos¬ 
pheric pressure) — and a vapor, such as mercury, or a gas, such as 
argon, possessing molecules of large size is used, the plate current 
may be greatly increased by causing more collisions between 
the speeding electrons and the molecules in their path. The 
consequence of most of the collisions is to remove one or more of 
the orbital electrons from an associated atom so that the atom 
becomes positively charged (ionized). The electrons thus released 
augment the stream of electrons to the plate and collide with more 
molecules on the way. This ionization principle is employed in 
the “ Tungar ” and “ Rectigon ” rectifiers which operate with a 
plate current up to 5 amperes at potentials ranging from 6 to 220 
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volts. Full wave rectification is obtained by the use of two tubes 

connected as shown in Fig. 197. 1flQ s 

The Grid-controlled Rectifier. A gas-filled tnode (Fig. 198) 
with its heated cathode entirely surrounded by a cylindrical per¬ 
forated grid is called a “ Grid-Glow Tube ” or a Thyratron. 
It is used extensively in direct- or alternating-current circuits as a 
switch; in alternating-current circuits it also serves as a rectiher. 



Fig. 197 Fig ‘ 198 


No current will flow through the tube if the grid potential is made 
sufficiently negative to prevent electronic emission at the cathode. 
A reduction of the grid potential below the critical (cutoff) value 
will allow current to flow from anode to cathode. In alternating- 
current, grid-controlled tubes the arc may also be established by 
making’ the phase angle between the plate potential and a fixed 
cutoff grid potential more or less than 180 degrees. With a phase 
difference of 90 degrees, for example, the grid potential would be 
zero when the plate potential is a maximum and the arc would be 
established. After ionization is started the operation is not 
affected by restoring the original value or phase of the negative 
grid potential because positive ions attracted to the grid neutralize 
its negative potential. The current may be interrupted only by 
reducing the plate potential to a value insufficient to maintain 

the arc. 

Though the highly evacuated triodes previously described may 
be used in communication systems for various types of accurate 
control, the gas-filled triode is used principally in power systems 
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for turning on and rectifying current. Since there are no moving 
parts it is best adapted to automatic apparatus requiring frequent 
starts or changes in speed. Grid-controlled rectifiers have a 
capacity as high as 100 amperes at 
low potentials. At current ratings up 
to 12.5 amperes the potential may be 
as high as 10,000 volts. Other appli¬ 
cations of the grid-controlled rectifier 
which may assume increasing impor¬ 
tance are in frequency changers and in 
inverters which convert direct-current 
power into alternating-current power 
at any desired frequency. 

The Glass Mercury Arc Rectifier. 

A highly evacuated glass chamber 
(Fig. 199) contains two recessed anodes 
(A\A 2 ), a cathode (C), and an auxiliary 
anode ( A'). The anodes {A X A^) are 
made of graphite or iron and the cath¬ 
ode (C) consists of a pool of mercury, 
a smaller pool of mercury also being located at the auxiliary anode 
{A'). The anodes (A 1 A 2 ) are connected to the opposite alternat¬ 
ing-current line wires and the auxiliary anode ( A ') is connected to 
one of the line wires through a resistance. The device in which 
direct current is to be established is connected between the cathode 
and the mid point ( D ) of a reactance connected between the line wires. 

If the tube is tipped until the mercury in the auxiliary anode 
{A') flows into the pool of mercury at the cathode ( C ), an alter¬ 
nating current will flow from A' to C and establish an arc. This 
arc will rise quickly to the anodes (A X A 2 ) but current will flow 
through this arc only from each anode to the cathode and not in 
the opposite direction. A direct current will then be established 
in any device connected between C and D. The direct potential 
between C and D will equal approximately one-half the average 
value of each half-cycle of the alternating potential (F ac ) minus 
the potential drop in the vacuum chamber, which is about 15 volts. 
The direct potential is then given approximately by 

148 Fd C = y^ V * c - 15 = 0.45 F a0 - 15 volts. 

7T 
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The Steel-tank Mercury Arc Rectifier. The current capacity o 
the glass mercury arc rectifier is limited by the tow mechamcal 
strength and the low heat conductivity of the glass. The recti d 
current rarely exceeds 50 amperes at 230 volts. With smaller 



Fig. 200 


currents the potential may be as high as 15,000 volts. Steel-tan 
rectifiers surrounded by circulating water have a much high 
capacity and have replaced glass-tube rectifiers for heavy service. 
A typical form of construction of a steel-tank rectifier applied to a 
iSa* source is shown in Fig. 200. The usual number of 
phases is six, and occasionally twelve. Since inward leakage occurs 
at each electrode seal, vacuum pumps must be kept in continuous 
operation during the operatic, of the rectifier. Another pum 
keeps the water circulating through the water jackets and an 

" U In' thc* 1 " Igni tron ” mercury arc rectifier each anode is located 
in a separate, evacuated compartment which also contains an 
ignitor a rod of high-resistance refractory material with a conical 
tip slightly immersed in the mercury pool and connected throug 
an upper Lied electee to the anode of a “ Thyratron.” When 
the anode in any compartment starts to become positive the 
“ Thyratron ” increases the potential between the igmtor and the 
mercury pool, ionizes the intervening vapor, and establishes an ar 
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between the anode and the mercury pool. With such accurate 
timing the tendency toward backfire in the rectifier is greatly 
reduced. 

Steel-tank rectifiers are used principally in the conversion of 
alternating-current to direct-current power for electric railways and 
electrolytic plants. At 600 volts the efficiency is about 94 per cent 
and the power factor 96 per cent (both at full load and including 


General Electric Co. 


Six-phase, Multiple-electrode, Metal-tank Mercury Are Rectifier. 


the transformers). Rectifiers of this type are in commercial 
operation with a current capacity of 5000 amperes at 625 volts. 
For periods of one minute the capacity may be as high as 15,000 
amperes. The steel-tank rectifier surpasses the synchronous con¬ 
verter in (1) quicker starting, (2) higher efficiency, (3) less space, 
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General Electric Co. 

Six-phase, Single-electrode, Metal-tank, Ignitron-type Mercury Arc Rectifier. 


(4) lighter weight, (5) less maintenance cost, and (6) higher short- 

6 rC Oxide and a. « Selenium - Refers. Two db- 
similar conducting materials in contact will, m general, conduct 


m . ^Lead ox rfno 
— Copper oxide 
—J*—"Copper 

Fig. 201 

better in one direction than in the other. If a copper washer^s 
oxidized on one side at a temperature near its melt , g ^P » 
current will flow through the film of copper oxide to he wa h , 
but very little current will flow the other way. This indicates 
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that electrons flow with difficulty through the copper oxide into 
the washer but pass through the oxide easily in the opposite direc¬ 
tion. A common form of copper oxide rectifier, called the “ Rec- 
tox,” is shown in Fig. 201. A satisfactory contact of the circuit 
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Various Types and Sizes of “ Reetox ” Rectifiers. 

with the copper oxide is obtained by pressing a soft metal such as 
lead or zinc against the oxide, or by some form of adherent plating. 
These units may be piled up consecutively in series and held tightly 
together by insulated through bolts or bolted together separately 
for parallel connection. By these connections rectification may 
be obtained of a current of 0.1 ampere at 80,000 volts or 1200 
amperes at 12 volts. 

In the “ Selenium ” rectifier, iron discs coated with selenium 
and a t hin layer of a special alloy are connected in series, parallel 
or bridge formation and operate in the same manner as the copper 
oxide rectifier. 











180 


ELECTRONIC THEORY AND APPLICA1IONS 


PHOTOELECTRIC EMISSION 
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Two Sizes of “ Rectox ” Rectifier Plates with a Collecting Surface of Non¬ 
corroding Alloy Sprayed on the Graphitized Cuprous Oxide. . 



International Telephone Development Co., Inc. 

Selenium Rectifier. 


Gas- and Vapor-filled Lamps. Energy is required to move an 
electron from a lower to a higher quantum level in an atom (then 
called an excited or metastable atom), or to remove it entirely 
from an atom (then called an ionized atom). In either atom the 
normal state is restored almost immediately by the return of the 
original electron, or another one, to the original quantum level. 
The return to normality is accompanied by radiation of energy at 
various frequencies depending upon the nature of the gas. 

Cylindrical tubes having cold or heated electrodes at the ends 
and containing gases, such as neon, helium, or argon (the last in 
mixtures only), or vapors, such as mercury or sodium, are used 
effectively as sources of light. Their efficiencies depend upon the 
relative proportion of the radiation which falls in the visible spec¬ 
trum. The characteristic colors and efficiencies in lumens per watt 
vary as follows: sodium (yellow, 50-100); high pressure mercury 
(blue green, 30-35); neon (orange red, 15-40); low pressure mercury 
(blue green, 15-20); helium (yellow white, 4-10). Light blue is 
obtained by combining mercury, argon, and neon; light green 
with the same combination in a yellow tube, etc. The ionization 
of sodium is accomplished only by combining liquid sodium with 
neon gas and maintaining the tube at high temperature by placing 
the tube in a vacuum chamber. 

High potential is required to maintain the arc in gaseous tubes 
having cold electrodes: from 2000 to 15,000 volts in tubes ranging 
from 1 to 70 feet in length. All tubes must have some type of 
impedance (ballast) connected in series with them because the 
resistance of the arc decreases with an increase of current. Mer¬ 
cury vapor tubes containing an inner coating of a fluorescent 
material on the glass, such as cadmium tungstate or zinc sulphide, 
and called fluorescent lamps, convert a large part of their invisible 
ultraviolet radiation into visible radiation of practically any 
desired color. 

Photoelectric Emission. Some metals, notably sodium, potas¬ 
sium, cesium, and barium, emit electrons at room temperature 
when illuminated by radiation of the proper frequency. The 
kinetic energy of each emitted electron is directly proportional to 
the frequency of the impinging radiation above a certain critical 
(threshold) value for each metal. The number of electrons 
emitted per second depends upon the intensity of the radiation. 
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A photoelectric cell connected as shown in Fig. 202, where R 
represents a resistance of several megohms, will operate a relay 
through an amplifier every time light is removed from the cathode. 
When light shines on the light sensitive cathode the cell becomes 
conducting and the C battery makes the grid (G) sufficiently 
negative to make the plate current zero as shown in Fig. 193. 
Removal of the light causes the grid to assume about the same 
potential as the filament (F). The B battery will then send a 



c B 

Fig. 202 


current through a relay which may count boxes moving on a 
conveyor belt, switch on a door-opening mechanism, or reject 
packages issuing from an automatic machine when they are not 
properly wrapped with tin foil, etc. 

Certain coatings, such as iron selenide on iron or copper oxide on 
copper, possess a photovoltaic effect in which the impinging radia¬ 
tion will generate an emf between the metal backing and an outer 
metallic ring on the front of the coating. In this manner the 
energy of the radiation may be converted with low efficiency into 
electric energy. A photovoltaic cell connected in series with a 
microammeter, for example, may be used to measure the illumina¬ 
tion in a building. 


CHAPTER XIV 

THE TRANSFORMER 


Construction. A transformer consists of two coils of wim 

SXT " ™ agn0t f ic COre made of soft iron laminations. In 
L, P f rC transformer two ^ng strips of soft iron are wound 
spirally and compactly about the windings. In another form n 
construction a long, single lamination of variable width is wound 



Weslinghouse Electric and Manufacturing Co. 

Rectangular Core-type Transformer. 


on a rectangular frame to produce a laminated core of circular cross 
ection perpendicular to the laminatioas. The two windings are 
hen wound together on split reels placed on each straight leg of the 
animated core. The core with its two windings is usually placed 
m a stee! c»e filled with touting oii, the oil ffeo set “„g” 
uct heat awa y from the windings and core by convection. To 
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the transformer 


reduce the fire hazard many transformers are now filled with a 
fireproof insulating liquid. The two windings while nisulatcd 

from each other, aie intermin 
<P C gled so that their mutual in- 

i 0 N j \. ductance will be a maximum, 

t . *T 1 The object of the transformer is 
4 r "r 3- to transform alternating-current 

\ _SB i-/ p !-L. N - ' power at one potential into 

alternating-current power at 

***« p° te " tia1 ', Thc ' vind - 

ing which receives electric power 
Fig. 203 from the source is called the pri¬ 

mary winding and the winding which delivers electric power to the 

load is called the secondary winding. • 

Principle of Operation of the Transformer. If the primary 
winding of a transformer with an open secondary winding is con¬ 
nected to an alternating-current line of Fx volts line potential, as 
shown in Fig. 203, the primary current (/„) will be small and \ 
lag the terminal potential (Fi) nearly 90 degrees. If the resistance 
o/the primary winding were zero and the core loss (hysteresis an 



Fig. 204 


Fig. 205 


eddy-current losses in the iron core) were zero the terminal poten¬ 
tial (Fx), primary current (/„) and induced emf (Z?i) in the primary 
winding would be represented by the vector diagram shown m ig. 
204. Here the primary current actually lags the terminal potential 


by 90 degrees and is of low magnitude 


('-£)■ 


If the resist¬ 


ance of the winding and the core loss are considered the primary 
current will be sensibly of the same order of magnitude but will lag 
the terminal potential less than 90 degrees as shown in F Jg- 205. 

The alternating magnetic flux which induces the em { i) 
Fig. 204 may be resolved into two components (Fig. 20 ). 
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leakage flux ( <t>i ) which circulates through part of the core and 
the surrounding air, and the core flux (<f> c ) which circulates 
through the core only and therefore links both the primary and 
secondary windings. If the leakage-inductance (Lx) of the primary 
. . iVx <t>i 

winding is determined by --— the reactance potential in the 

to X 10 

primary winding will be given by I a 2 7r/Lx or I 0 Xy. The impressed 
primary potential (Fx) at no load must then equal the vector sum 
of the constituent potentials, I 0 Ri, IoX h and Ey, as shown in Fig. 


205 where Ey equals the effective value of — {- 7 - 
4 10 s dt 


It should be 


noted that Ey in Fig. 205 is that part of Fj which must be supplied 
to neutralize the induced back emf, Ey in Fig. 204. 

Since the alternating core flux links both primary and secondary 
windings the emf induced in each winding per turn will be the same. 
The ratio of the primary emf to the secondary emf will then be 
given by 
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Ei 

E 2 



where Ty, the ratio of the number of primary to secondary turns, 
is called the ratio of transformation (primary to secondary). 

If a load is now connected to the secondary winding the second¬ 
ary current will weaken the core flux (</>,,), reduce the primary emf 
(Ei) and increase the primary current. Equilibrium will be estab¬ 
lished when the primary no load current (7 0 ) is augmented by an 
additional primary current (Iy) of such magnitude that Nyly = 
NJ 2 . The demagnetizing effect of the secondary ampere turns 
(A' 2 / 2 ) will then be counterbalanced by the magnetizing effect of 
a component of the primary ampere turns (NJi'). The complete 
vector diagram of the loaded transformer is then represented by 
Fig. 200. The primary current (L), the vector sum of I 0 and I/, 
is only slightly greater than h 1 . Then NJ 2 = NJi (approxi¬ 
mately) and 

h N, 1 , . 4 , . 

150 — = = — (approximately). 

I 2 Nx Ti 


The secondary terminal potential (F 2 ) equals the secondary 
emf (E 2 ) minus (vectorially) the secondary reactance potential 
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(7 2 X 2 ) due to the alternating secondary leakage flux, and the 
secondary resistance potential (7 2 7? 2 ). The power factor of the 
transformer at the primary terminals equals cos 6 \ and the power 
factor of the secondary load equals cos 0 2 . 



Fig. 206 


Transformer Calculations. The relationship of the primary 
and secondary terminal potentials of a loaded transformer may 
be obtained from Fig. 206 but the calculation may be simplified by 
substituting composite or equivalent values of resistance and react¬ 
ance for the individual resistances and reactances of the two wind¬ 
ings. The composite resistance and composite reactance of a 

transformer may be determined 
experimentally as follows. The 
power input (P\) and the primary 
current (if) of a transformer with 
the secondary short-circuited is 
measured as shown in Fig. 207 
with the primary potential (F t ) 
reduced to such a magnitude 
(about 5 per cent of normal) that the primary current (7i) does 
not exceed the normal rating of the primary winding. Since the 
core loss (the hysteresis and eddy-current losses) of a transformer 
operating under reduced primary potential is small the power input 
(Pi) equals the copper losses (approximately) in the two windings. 
The composite resistance ( R c i) of the transformer from the primary 
side is then given by 
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The composite impedance (Z cl ) of the transformer from the 
primary side is given by 

152 Zr\ = ohms 

[7 1 

and the composite reactance (X rt ) of the transformer from the 
primary side is given by 

153 X* = ^(Zci) 2 ~ (RdY ohms. 

Since IpR cl = I 2 2 R c2 where R,i is the composite resistance of the 
transformer from the secondary side and since Ip = — (approxi- 
mately), then 


Rc 2 = ohms. 


The composite reactance of the transformer from the secondary 
side is given by 

155 X c2 = ~ ohms. 

11 


An equivalent transformer may then be substituted for the actual 
transformer as shown in Fig. 208. The equivalent transformer 
possesses no primary resistance or reactance, the secondary resist- 



Fig. 208 Fig. 209 


ance is R c2 and the secondary reactance is X c2 . The vector 
diagram for this equivalent transformer is shown in Fig 209 
Then for any value of V 2 , 7 2 and 0 2 (sin d 2 is + for a lagging 
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current and - for a leading current), V 1 is given by_ 

156 Vi = TiV[Vi cosTeT+7^ c2 ) 2 + (V 2 sin 0 2 + I 2 X c2 )- volts. 
The voltage regulation (VR) of a transformer at any load is 

determined by 

h_7, 

157 VR = 11 y -— 100 per cent 

where 7i (assumed constant) is the primary terminal potential, 
y (computed from 156) is the secondary terminal potential under 
the stated load conditions, and T, is the ratio of transformation 
primary to secondary). It will be noted that the voltage regula¬ 
tion at any load is the percentage rise of potentia on the secondai> 
side when the stated load is removed. In transformers apphe 
lighting circuits the voltage regulation shouhi not exceed 3 or 4 
per cent because a reduction of load from full load to a light load 
might otherwise cause a rise of potential sufficient to burn out the 

re Tf a the power input to a transformer is measured as shown m 
Fig 207 but at rated primary potential with the secondary open- 
circuited the core loss will be given approximately by I\ since the 
copper loss at no load is small compared with the core loss, 
core loss (P.) may thus be determined experimentally and the 
efficiency of the transformer under any condition of secondary load 

is given by 

V 2 h cos 02 _. 

158 17 = TV2 cos 02 + P 2 P,2 + Pc 

Special Types of Transformer. A transformer with a fixed 
primary winding and a movable counterweighted secondary wind¬ 
ing, called a constant-current transformer, is shown in Fig. 2 
The magnetic circuit is designed to produce a large leakage flux. 
When the secondary current is zero the secondary winding rest 
upon the primary winding and is linked by most of the flux P 
duced by the primary current. If a load is connected to the 
secondary winding a force of repulsion between the primary am 
secondary currents causes the secondary winding to rise, lhe 
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linkage flux and secondary emf are then reduced in consequence 
and the secondary current will not increase as much as it would if 
the secondary winding were fixed with respect 
to the primary winding. A change in the re¬ 
sistance of the secondary circuit is thus accom¬ 
panied by a corresponding change in the second¬ 
ary emf due to a change in the position of the 
secondary winding. The secondary current will 
then remain sensibly constant for a moderate 
change in the secondary resistance. Constant- 
current transformers are used extensively in con¬ 
nection with series street lighting systems. 

A transformer in which part of the primary winding serves as 
the secondary winding (or the reverse), called an auto-transformer, 
is shown in Fig. 211. The principal advantage of this type of 
transformer is in the saving of a part of the weight of copper wire 



Fig. 211 Fig. 212 


required in the ordinary transformer. It actually saves that part 
of the primary winding which the secondary replaces. If an 
adjustable contact is provided at a the secondary potential ( V 2 ) 
may be varied from zero to V\. This arrangement is frequently 
used in a device called a compensator employed in starting induc¬ 
tion motors. The induction regulator used for the adjustment of 
line potential in transmission lines consists of an auto-transformer 
connected as shown in Fig. 212. The secondary winding in this 
case is mounted upon a shaft so that the secondary winding may be 
turned with respect to a fixed primary winding. The linkage flux 
may then be varied from zero to a maximum and the line potential 
(V i) may be changed gradually from Vi to V L ± V 2 . In the three- 
phase induction regulator the potential (F 2 ) between the ter- 
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» 

minals of each of the three rotor windings is practically constant. 
In this case the turning of the rotor changes the phase relation 
between Vi and V 2 and thereby changes Vi. 



General Electric Co. 

Single-phase Induction Regulator. 


Transformer Connections in Three-phase Circuits. A three 
phase transformer may be constructed, as shown in Fig. 213, for 


example, containing three primary windings 
~~| and three secondary windings connected re- 
~ ^ (1) : — | spectively in Y or A. The cost of such a 
—' __ —' _ transformer is less than that of three single- 

- — - -; - ~; phase transformers serving the same purpose 

( 2 )! _, (2); —; < 2 >; — ■ anc j has a higher efficiency. Single-phase 

— —J =a transformers connected in Y or A are used 

Fig. 213 more extensively than three-phase trans¬ 


formers, however, because single-phase re- 

7 . _ . • '1_ 


serve units are less expensive, high temperature in one single¬ 


phase transformer will not injure the other transformers and any 
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General Electric Co. 

Three-phase Transformer. 


single-phase transformer may be repaired while the other trans¬ 
formers remain in service. When two sets of transformers are 
connected in parallel to the pri¬ 
mary and secondary circuits of a •-« _ _. 

three-phase system any combina- JL jL 

tion of A or Y connection may be 3-phase gj § 2-phase 

employed in each set except that 6 > yf _ _ 

with one set of transformers con- •- 

nected AY or YA the other set t-ClffWiP • r ^-• 

may not be connected AA or YY. •- 

In the Scott connection two Pj Q 214 

transformers connected as shown in 

Fig. 214 will convert three-phase to two-phase power, or the 
reverse. If the ratio of transformation (primary to secondary) 
in the transformer cd — gh is T\, then the ratio of transformation 


Fig. 214 
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in the transformer ab — ef to give equal line potentials in the two- 
phase circuit must be T x . Transformation of balanced three- 

phase power to single-phase power, or the reverse, through one 
single-phase transformer is impossible because the sum of the 
instantaneous powers in the respective three phases of a balanced 
three-phase system is constant while the instantaneous power in a 
single-phase system, as shown on page 108, is variable. The con¬ 
version of balanced three-phase power to single-phase power may 
only be accomplished by dividing the single-phase load into three 
equal and separate loads each supplied by a single-phase trans¬ 
former connected to one of the phases of the three-phase circuit. 

Practice problems with answers for Chapter XIV mil be found on pages 276 
to 278. 


CHAPTER XV 

THE THREE-PHASE INDUCTION MOTOR 

The Production of a Rotating Magnetic Flux. The magnetic 
flux traversing the space between the two rotating magnetic poles, 
shown in I'ig. 215, may be represented by a vector of constant 
length rotating at the same speed as the rotating poles. If the 



Fig. 215 Fig. 216 


axes of two stationary coils of wire are displaced by 90 degrees 
and the sinusoidal currents (i x and i 2 ) established in the two coils 
differ in phase by 90 degrees the magnetic flux along the axis 
XX' in Fig. 216 may be represented by <t> XX ’ = sin wt and along 
the axis YY' by = <t>,„ sin (wt + 90°) = T,„ cos wt, the maxi¬ 
mum flux produced by each coil being assumed the same. The 
resultant magnetic flux (<f> r ) through 0, the intersection of the two 
axes, at any instant is then given by 


<t> r = V ($ m sin wt) 2 + ($ m cos wt) 2 


'sin 2 wt + cos 2 wt 


The angle (a) between the direction of the flux and the YY' axis 
, sin wt 

at any instant is given by a = tan -1 -= tan -1 tan wt = wt. 

cos wt 


199 


200 


the three-phase induction motor 


The magnetic flux through 0 will then be o constant magnitude 
($ m ) and will rotate at a constant angular velocity («). It will be 
noted that a rotating magnetic flux similar to that shown m 
Fig 215 may be produced by two or more stationary coi s 
conducting sinusoidal currents of equal magnitude and frequency 
differing in phase respectively by the angle of displacement between 

the axes of the coils. 




Fig. 217 


Fig. 218 


Tf three windings located 120 degrees apart are placed in the 
Js ofTinetl core as shown in Fig. 217 and the currents 
established in the three windings differ in phase by 120 degrees 
arotating flux ol constant magnitude and constant angular velocity 
rfl“ pried. When the current in the phase ««' IS a positive 
maximum the position of the rotating flux is represented by vector 
(1) and by vectois (2) and (3) when the current!in.phases hi^ and 
respectively are a positive maximum. In 1 ig. 217 there is o 
iSe set of three-phase windings and the rotating flux makes 
Serevluon in the cyclical period (7’ seconds) of the three-phase 
currents When there are two sets of three-phase windings as 
*™n in Fig. 218 the rotating flux moves from the positionof 
vector (1) to vector (4), for example, during a cyclical period and 
makes complete revolution in 2 T seconds. The angular^velocity 
?S,) of the rotating flux then depends upon the frequency (/) of 
the three-phase currents and the number of phase sets (m). and is 

given by 


159 


St 


60/ 

m 


revolutions per minute. 




General Electric Co. 

Partially-wound Stator of a Three-phase Induction Motor. 


General Electric Co. 

Stator of a Three-phase Induction Motor. 
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Principle of Operation of the Three-phase Induction Motor. 

If three windings are placed in the slots of alammatedliron^coreas 
shown in Figs. 217 or 218 and are connected in Y oi A to a three- 
phase source of power a rotating flux of angular veiocity ( /), 
given by 159, will be produced within the space surrounded by the 
three windings. The direction of the emf generated in an\ c - 
ductor located within this space (by the right-hand nde) be 
downward at the instant shown in Pig. 2iJ 
and the direction of the current established 
in the conductor by the generated emf 
when the ends of the conductor are con¬ 
nected will also be downward. The elec¬ 
tromagnetic force (F) acting on such a 
conductor (by the left-hand rule) will then 
be in the same direction as the rotating flux and the conductor if 
free to move, will follow the rotating flux. Each conductor on the 





CONSTRUCTION OF THREE-PHASE INDUCTION MOTOR 203 

rotating member of a three-phase induction motor is thus acted 
upon by a force which causes the rotating member to turn in 
the same direction as the rotating flux. 


General Electric Co. 

Three-phase Induction Motor Rotor with Cast Aluminum Squirrel-cage 

Winding. 


Construction of the Three-phase Induction Motor. The 

primary structure, called the stator, contains a three-phase Y- or 
A-connected winding embedded in the slots of a laminated iron 
core and is similar to the stationary armature of a three-phase 
synchronous generator. The secondary structure, called the rotor, 


General Electric Co. 


Wound Rotor for Three-phase Induction Motor. 


contains either a bar or a wire winding embedded in the slots of a 
laminated iron core which is keyed to the shaft or a spider attached 
to the shaft. In the bar winding or squirrel-cage rotor, copper bars 
embedded in the slots are connected at each end of the rotor by 




r- -.. - 1 









, ■ ■ J 
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General Electric Co. 


Three-phase Induction Motor. 


.to m 

ZT It will be noted that the rotor windings are not connected 
in an, way to the three-phase sou™ of P«£- At n0 lo ad 

Relation between Load andSpe^^ ^ counterba | a „ce the 

the rotor ; tatioll! j l osse8 and is therefore small. 

tom .rsth a speed a. no load that the - 

ll,1: , he ro t„r Winding will establish a rotor current of 

'Trent mag dtude to produce the required no load torque. Srnce 
sufficient magmtua denends upon the relative speed 

and the rotor emf would be zero. 
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An increase of load (or reactive torque) will cause the rotor to 
slow down until the increased rotor emf establishes sufficient 
current to produce the required electromagnetic torque. The 
speed of an induction motor is usually indicated by the ratio of the 
difference between the flux speed ( S /) and the rotor speed (S r ), 
and the flux speed ( S /). This ratio, called the slip (s) and 
expressed in per cent, is given by 

160 s = ^1 — 100 per cent. 

At no load the slip is a fraction of a per cent and at full load the 
slip ranges from 5 to 15 per cent, decreasing as the rating of the 
motor increases. In very large motors the slip is sometimes less 
than 5 per cent at full load. The slip is usually measured by 
some stroboscopic method. In one form, a disc with alternate 
white and black sectors is attached to one end of the shaft and is 
illuminated by a small neon or mercury-vapor tube connected 
between two of the stator terminals. Since such lamps flash twice 
per cycle a disc with 4 m black and white sectors (m is the number 
of phase sets on the stator) will appear to stand still if the rotor is 
turning at synchronous speed and will appear to turn slowly 
with a speed Sf — S r , when 
not running in synchronism. 

Effect of Load on Power 
Factor. At no load the stator 
current must be of sufficient 
magnitude to produce the 
rotating flux and provide the 
power absorbed by the no Fig. 220 

load losses. The no load 

stator current (7 0 in Fig. 220) in its magnetizing action resembles 
the no load primary current of a transformer in that it lags the 
terminal potential to a considerable degree but differs in respect to 
magnitude, the ratio of no load stator current to full load stator 
current in the induction motor being much greater than in the 
transformer. This is due to the high reluctance of the air gaps 
traversed by the rotating flux in the motor. To reduce this 
reluctance and incidentally the no load stator current, induction 
motors are usually constructed with a very small clearance between 
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the rotor and the stator, often only a few hundredths of an inch 
The induction motor for the reasons stated operates at no load 
with a comparatively large stator current and at a very low power 
factor (cos 8 0 in Fig. 220). The rotor mmf in an induction motor 
corresponding to the armature reaction in the machines discussed 
previously, is demagnetizing and its effect is similar to that of the 
secondary ampere turns of a transformer. An increase in load 
therefore weakens the rotating flux, reduces the stator emf gener¬ 
ated by the rotating flux and increases the stator current. Since 
the component (/,') of the stator current which balances the demag¬ 
netizing rotor current ( I T ) is nearly in phase with the stator poten¬ 
tial (Vs) an increase in load is accompanied by an increase m 
power factor. The improvement in power factor with an increase 
in load is restricted, however, by the abnormal magnitude of t e 
stator magnetizing current (I.) and the power factor (cos at 
full load is seldom greater than 90 per cent. The typical operating 
characteristics of a three-phase induction motor are shown in 

F ‘Starting Conditions in the Three-phase Induction Motor. 

With the rotor at rest the induction motor resembles a short- 
circuited transformer. The phase angle (8) between the rotor 


emf and the rotor current is given by tan 8 


2 ivfsL 
R " 


>where / is the 


frequency of the stator terminal potential, L is the inductance, 
and R is the resistance of each path in the 

- - s p°~i _ J rotor, and s is the slip of the rotor, expressed 

as a decimal. The frequency (/) of the 
rotor emf at standstill (100 per cent slip) 
iM' i . equals the frequency of the stator terminal 

/ v »JkZ potential and since the resistance of the 

rotor (R) is small compared with the rotor 
VT II reactance (2 tt/sL) the rotor current will 

Horse power Output Jag considerably behind the rotoi cm 
_ at standstill. Since the rotor emf in any 

Fl conductor is in phase with the rotating 

flux, the rotor current in any rotor conductor will not reach its 
maximum value until the denser part of the rotating flux■ h 
passed on. The starting torque of the squirrel-cage indue 
motor with full load current in the stator winding will there ore 


Fig. 221 


STARTING A SYNCHRONOUS MOTOR 
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be only a small fraction of the rated full load torque. In the 
wound rotor induction motor, equipped with rotor slip-ring connec¬ 
tions and an external rheostat, resistance ( R e ) may be added to 

each rotor winding so that tan 8 ( = ) may be made smaller 

V R + Re/ 

during the starting period and the starting torque increased. 
Since an increase of rotor resistance also reduces the rotor current 
and in this way reduces the rotor torque, only sufficient resist¬ 
ance should be added to the rotor circuit to obtain a maximum 
torque. This is obtained when the resistance of the rotor cir¬ 
cuit is approximately twice its reactance. As the rotor comes 
up to speed the external resistance may be reduced to zero since 
the frequency (sf) of the rotor emf decreases as the speed in¬ 


creases. 

Though the rotor reactance is directly proportional to the slip 
the ratio of rotor inductance to rotor resistance may be sensibly 
fixed in squirrel-cage induction motors so that the maximum torque 
will come at any desired speed. For this purpose the principal 
methods of design involve the depths of the slots, the resistance 
of the conducting material, and sometimes the use of duplex 
windings of different characteristics. A squirrel-cage rotor can be 
designed, for example, with a fixed high-resistance rotor which 
will deliver its maximum torque at standstill but will operate at 
full load at low efficiency and large slip. 

The addition of external resistance to the rotor windings of 
an induction motor during the starting period serves also to reduce 
the stator current since the rotor is then not short-circuited. 
Excessive starting current in a squirrel-cage induction motor with 
a low rotor resistance must be prevented by connecting resistances 
or a three-phase auto-transformer with adjustable contacts, called 
a compensator, between the stator terminals and the three-phase 
source of power. In some cases induction motors are started 
without excessive current by connecting the stator windings first 
in Y and then in A. 


Starting a Synchronous Motor as an Induction Motor. In 

starting a synchronous motor as an induction motor the field 
winding, which contains many more turns than the usual rotor 
winding, must first be opened in several places so that the emf 
generated between any two points will not be excessive. In 
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I 


TjkV'. 


anticipation of this method of starting, short-circuited copper 
bars may be built into the pole faces to take the place of a rotor 
winding. These bars, called a damper winding, will also greatly 
reduce hunting when the motor is operating as a synchronous 
motor. Three-phase currents established in the armature of 

the synchronous motor (operated 
" at reduced terminal potential) 

vC|^ will then produce a rotating flux 

d ’ ft * and cause either the armature or 

i N * V ' - the field, depending upon which 

Q is the rotor, to revolve in accord- 

ance with the induction motor 
‘ IPi \ § - 1** principle. When the rotating 

fJlflJv member reaches its maximum 

speed (nearly synchronous speed) 
the direct-current field circuit is 
• ■ * - .•In-ed and the terminal potential 

is increased to full line potential. 

L _ - The rotating member will then 

General Electric Co. | J( . pulled into synchronism and 
Revolving field of a Three-phase the synchronous motor will 
Synchronous Motor Showing operate continuously at constant 
Damper Winding for Starting as speed. In the synchronous-m¬ 
an Induction Motor and for Pre- ductk)n motor t he rotor contains 
vention of Hunting. twQ windings: a high-resistance 

squirrel-cage winding for starting, and a polarized winding which 
is connected automatically to a direct-current source near syn¬ 
chronism and which pulls the rotor into synchronism. 

Speed Adjustment of the Three-phase Induction Motor. The 
inherent speed variation of the induction motor with changes in 
load (see Fig. 221) resembles that of the direct-current shunt 
motor; that is, the speed decreases slightly as the load is increased. 
The speed may be adjusted slightly by changing the magnitude 
of the terminal potential; a reduction of the terminal potential 
weakens the rotating flux causing the rotor to revolve at decreased 
speed for the same electromagnetic torque. In the wound rotor 
type of induction motor the speed may be adjusted by changing 
the resistance of the rotor circuit by means of an external rheostat 
connected to the rotor windings by slip rings; an increase of the 


General Electric Co. 

Revolving field of a Three-phase 
Synchronous Motor Showing 
Damper Winding for Starting as 
an Induction Motor and for Pre¬ 
vention of Hunting. 
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rotor resistance reduces the speed of the rotor. Abrupt changes 
in speed may be obtained by changing the number of phase sets 
but this method involves increased expense in the construction of 
the motor and complicated connections. The speed of two induc¬ 
tion motors with their rotors coupled mechanically may be changed 
as a unit by connecting the stator winding of one motor to the rotor 
winding of the other motor through slip rings. The motors are 
then said to be connected in concatenation or cascade. If the 
number of phase sets in each motor is represented by nil 
and m 2 respectively, four speeds may be obtained as follows: 


S,-^< 1 

mi 


s ) (motor No. 1 operated alone), S r = -(1 — s) 


60/(1 - s) 
m x + m 2 


(motor No. 2 operated alone), S r = - (motors con- 

m i + m 2 

nected in opposition in concatenation), and S r = ^ -— 

m i — m 2 

(motors connected in conjunction in concatenation). The speed 
of an induction motor may also be adjusted by changing the fre¬ 
quency of the terminal potential but this is rarely possible. 

The Three-phase Induction Generator. If the rotor conduc¬ 
tors of a three-phase induction motor are driven mechanically at 
a higher speed than the rotating flux the rotor emf and current 
are reversed and the rotor mmf aids the stator mmf. The stator 
emf may then exceed the stator terminal potential and electric 
power will be delivered to the line. Since the operation of the 
machine as an induction generator is dependent upon the produc¬ 
tion of a rotating flux by an external three-phase source of power 
the induction generator may not be operated alone but must be 
connected in parallel with a synchronous generator. The princi¬ 
pal advantage of the induction generator relates to its ability to 
withstand a short circuit at its terminals without serious injury. 
A short circuit eliminates the source of the rotating flux and there¬ 
fore causes generator action to cease almost immediately. In 
some instances induction motors on electric locomotives are driven 
above synchronous speed when going down grade and furnish 
regenerative braking. 

The Single-phase Induction Motor. If a single-phase current 
is established in the stator winding of a single-phase induction 
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motor the net torque developed by the stationary rotor at any 
instant, as shown in Fig. 222, will be zero. If the rotor be turned 
mechanically the displacement of the rotor will cause the rotor to 
develop torque in the direction of displacement as shown in Fig. 



Fig. 222 Fig. 223 


223. The rotor will then come up to speed and an additional 
emf will be generated in the rotor conductors owing to their motion 
in the alternating magnetic flux. The current established by the 
composite effect of the induced emf and the rotational emf will 
cause the torque to increase with the speed until a certain speed 
is reached where a further increase in speed causes the torque 
to decrease. The speed at which the torque is a maximum depends 
upon the ratio of the rotor reactance (at rest) to the rotor resist¬ 
ance; the higher the ratio of rotor reactance to rotor resistance, 
the higher the speed will be at which the torque is a maximum. 

The torque is zero for any ratio of rotor react¬ 
ance to rotor resistance at a speed slightly 
V I > less than synchronous speed and when the 
I ratio of rotor reactance to rotor resistance is 

jg not greater than unity no motor torque is ob- 

AW H= tained at any speed. After being started 

_ the single-phase induction motor will operate 

' n substantially the same manner as the 
r mw three-phase induction motor. It may in fact 
Fig 224 k> e s ^ own that the composite effect of the sta¬ 

tor and rotor currents (with the rotor in mo¬ 
tion) is to produce a rotating flux and the operation of the motor 
may be explained on this basis. 

The single-phase induction motor may be made self-starting 
by means of a split-phase stator winding. An auxiliary winding 
(AW), in Fig. 224, is placed upon the stator core with its axis 
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General Electric Co, 


Stator Winding of a Single-phase Capacitor Motor. 


General Electric Co. 

Cast Aluminum Rotor of a Single-phase Capacitor Motor. 
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displaced from the axis of the main winding (MW) by 90 degrees. 
Durine: the starting period both windings are connected across the 
line the auxiliary winding in series with inductance and the main 
winding in series with resistance. The currents estabhshed in the 
To windings will then differ in phase by nearly 90 degrees an a 
rotating flux will be produced as described on page 199. After 
tor comes up to speed the auxiliary tviudmg » dKxmnectod 
o,. combined with the main winding and connected across the line. 



General Electric Co. 


Complete Assembly of a Single-phase Capacitor Motor: 

In the capacitor type of single-phase induction motor a con¬ 
denser is connected permanently in series with ™ 

ing This motor operates at better power factor than the inductor 
type but is considerably larger for the same output. Sometimes 
the capacitor winding is active only during the starting penoc a 
is switched off automatically when the rotor comes up to speed 
Very small single-phase induction motors may be started by the 
shaded-pole principle described on page 167. The efficiency 
load is too low for the application of this method to large motors. 

Practice problems with answers for Chapter XV will be found on pages 278 to 


CHAPTER XVI 


« 

THE ALTERNATING-CURRENT SERIES COMMUTATOR 

MOTOR 

Limitations in the Use of Synchronous and Induction Motors. 

The synchronous motor is not adjustable as to speed, the single¬ 
phase motor is not self-starting and the three-phase motor may 
only be started as an induction motor at low torque. A direct- 
and an alternating-current source of power is required for synchro¬ 
nous motors (the direct-current generator may be driven by the 
motor) and synchronous motors must be synchronized with the 
line potential if started by means of an auxiliary motor. The 
speed of an induction motor may be adjusted to some extent but 
the adjustment feature usually involves increased cost and de¬ 
creased efficiency and rating. Full load starting torque may only 
be obtained without excessive stator current with a wound rotor 
three-phase induction motor with adjustable rotor resistance. It 
is often desirable that an alternating-current motor be employed 
which will be adjustable as to speed and will furnish heavy starting 
torque without excessive current. In many instances single-phase 
power only is available and when an electric railway is supplied 
from an alternating-current source of power single-phase electrifi¬ 
cation is preferred because three-phase connections by trolley 
wire or third rail are more complicated and expensive. In motor- 
driven devices intended for attachment to house or office circuits 
it is desirable that the motor be adapted for operation with either 
direct or alternating current. 

The Alternating-current Series Commutator Motor. A direct- 
current series motor will operate on an alternating-current system 
since the armature current and the field flux reverse simultaneously 
giving unidirectional torque. The operation of an unmodified 
direct-current series motor with an alternating current will be 
accompanied, however, by excessive heating of the field core, low 
power factor and destructive commutation. The series commu- 
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the alternating-current series 


tator motor must therefore be redesigned for use on alternating- 
current circuits. The heating of the field core is reduced (1) by 
laminating the field core with iron sheets to reduce the eddy- 
current loss, (2) by using iron of low hysteresis loss (3) by increas¬ 
ing the cross-sectional area of the field core and operating the 
motor at low flux density and (4) by operating the motor when 

nossible on a low-frequency circuit. . 

The vector diagram of the alternating-current series motor is 
shown in Fig. 225. The constituent parts of the terminal potential 
(V,) required to counterbalance the reactive potentials in the 
motor circuit are E a (the generated emf), IJt a (the armature 

la*. 

i a x 0 

E a I<jRa IaR* 

Fig. 225 

resistance potential), IA (the series field resistance potential) 
I a X a (the armature reactance potential) and I a X, (tne series 
field reactance potential). Improvement of power factor in the 
series motor is obtained (1) by making the number of senes field 
turns as small as possible (reduces X 8 ), (2) by making the field flu. 
as small as possible (reduces X.), (3) by placing a series compen¬ 
sating winding on the field frame so located that its mm opposes 
the armature mmf (reduces X a ) and (4) by operating the motor 
when possible on a low-frequency circuit (reduces A„ and A.). 

In the alternating-current series motor it is impossible to ma e 
the potential between a and b (Fig. 63, page 65) zero at the mstan 
the brush breaks contact with segment No. 1 since the armature 
conductors connected to segments No. 1 and No 2 carry an 
alternating current which is increased by the emf induced by the 
alternating flux when the two segments are bridged by the brush 
Since the current broken when the brush breaks contact with 
segment No. 1 cannot be made zero, improvement of commutation 
may only be obtained by making the current flowing from a to b 
through segment No. 1 as small as possible. This is accomplished 
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(1) by reducing the alternating field flux and, consequently, the 
emf induced in the armature conductors short-circuited by the 
brush, (2) by reducing the number of armature conductors con¬ 
nected between the commutator segments, (3) by introducing 
resistance in the connections between the commutator segments 
and the armature conductors and (4) by operating the motor when 
possible on a low-frequency circuit. 

The speed of an alternating-current series motor may be adjusted 
by connecting resistance in series with the motor or by connecting 
the motor terminals to the secondary of a transformer with adjust¬ 
able secondary contacts. It will be noted that the modified series 
motor will operate on either an alternating-current or a direct- 
current circuit and for this reason is sometimes called the universal 
motor. Some alternating-current, single-phase motors are started 
as series motors and after coming up to speed a centrifugal device 
disconnects the field winding from the armature circuit and short- 
circuits the armature. The motor will then operate as a single¬ 
phase induction motor at sensibly constant speed. 



Fig. 226 Fig. 227 


The Alternating-current Repulsion Motor. The single-phase 
alternating-current repulsion motor, connected as shown in Fig. 
226, operates in the same manner as the single-phase series motor. 
It will be noted that the field winding is connected across the line, 
and the two brushes are located off center and short-circuited. 
The armature currents, instead of being conducted through the 
armature as in the series motor, are induced in the armature by 
the alternating field flux. The variation in starting torque with 
brush position is shown in Fig. 227. The direction of the torque 
is in the direction of the brush shift and the motor may be reversed 
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by shifting the brushes from one side of the interpolar plane to the 
other. 

This type of alternating-current commutator motor is better 
adapted to starting motors which turn into induction motors when 
running because the commutator only must be short-circuited, 
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Single-phase Repulsion-induction Motor. 


the field winding remaining connected as it was. This type 
of motor is also better adapted to use on high potential circuits 
because the armature may still operate at low potential with no 
consequent difficulties with commutation and insulation. A 
compensating field winding, located at an angle of 90 degrees from 
the main field winding and connected in series with it, improves 
the power factor as in the series alternating-current motor. Rever¬ 
sal of the terminals of this auxiliary field winding reverses the 
direction of rotation of the motor. This method of reversal is 
usually more convenient than by shifting the brushes. 


TABLES 


Practice problems with answers for Chapter XVI will be found on page 279. 



Copper Wire Table' 


Size 

Diameter 

Area 

Resistance at 25 C 

Weight 

American 

tvt;i 0 

Circular 

Ohms per 

Ohms per 

Pounds per 

Wire Gage 


mils 

1000 feet 

mile 

1000 feet 

18 

40.2 

1,620 

6.51 

34.4 

4.92 

16 

50.8 

2,580 

4.09 

21.6 

7.82 

14 

64.1 

4,110 

2.58 

13.6 

12.4 

12 

80.8 

6,530 

1.62 

8.55 

19.8 

10 

102 

10,400 

1.02 

5.39 

31.4 

8 

128 

16,500 

0.641 

3.38 

50.0 

6 

162 

26,300 

0.403 

2.13 

79.5 

6 

182 

33,100 

0.319 

1.68 

100 

4 

204 

41,700 

0.253 

1.34 

126 

3 

260 

52,600 

0.205 

1.08 

163 

2 

292 

66,400 

0.162 

0.858 

205 

1 

332 

83,700 

0.129 

0.681 

258 

0 

373 

106,000 

0.102 

0.540 

326 

00 

418 

133,000 

0.0811 

0.428 

411 

000 

470 

168,000 

0.0642 

0.339 

518 

0000 

528 

212,000 

0.0509 

0.269 

653 


630 

300,000 

0.0360 

0.190 

926 


728 

400,000 

0.0270 

0.142 

1240 


814 

500,000 

0.0216 

0.114 

1540 


893 

600,000 

0.0180 

0.0949 

1850 


964 

700,000 

0.0154 

0.0814 

2160 


1031 

800,000 

0.0135 

0.0712 

2470 


1093 

900,000 

0.0120 

0.0633 

2780 


1152 

1,000,000 

0.0108 

0.0570 

3090 


1209 

1,100,000 

0.00981 

0.0518 

3400 


1263 

1,200,000 

0.00899 

0.0475 

3710 


1315 

1,300,000 

0.00830 

0.0438 

4010 


1364 

1,400,000 

0.00770 

0.0407 

4320 


1412 

1,500,000 

0.00719 

0.0380 

4630 


1459 

1,600,000 

0.00674 

0.0356 

4940 


1504 

1,700,000 

0.00634 

0.0335 

5250 


1548 

1 .800,000 

0.00599 

0.0316 

5560 


1590 

1,900,000 

0.00568 

0.0300 

5870 


1631 

2,000,000 

0.00539 

0.0285 

6180 


* For wires larger than No. 4 the values given are for stranded wires and the diameters are 
outside diameters. 


Resistivity (p) in Ohms per Mil-foot and Temperature Coefficient 
of Resistance (a) of Copper at Various Temperatures 


Degrees C 

P 

a 

Degrees C 

P 

a 

0 

9.55 

0.00427 

25 

10.6 

0.00385 

15 

10.2 

0.00401 

30 

10.8 

0.00378 

20 

10.4 

0.00393 

50 

11.6 

0.00352 












Current Capacity in Amperes 


Not more than three copper* conductors in one raceway or cable. Room 
temperature is 30 C.j See page 15 for explanation of type letters. 


Size 

Type Letter 

AWG or 

R 

RP, RPT, 

RH 

Paper 

AVA 



CMt 

RW 

RU, SN 

RHT 

V, AVB 

AVL 



14 

15 

18 

22 

23 

28 

29 

32 

12 

20 

23 

27 

29 

36 

38 

42 

10 

25 

31 

37 

38 

47 

49 

54 

8 

35 

41 

49 

50 

60 

63 

71 

6 

45 

54 

65 

68 

80 

85 

95 

5 

52 

63 

75 

78 

94 

99 

110 

4 

60 

72 

86 

88 

107 

114 

122 

3 

69 

83 

99 

104 

121 

131 

145 

2 

80 

96 

115 

118 

137 

147 

163 

1 

91 

110 

131 

138 

161 

172 

188 

0 

105 

127 

151 

157 

190 

202 

223 

00 

120 

145 

173 

184 

217 

230 

249 

000 

138 

166 

199 

209 

243 

265 

284 

0000 

160 

193 

230 

237 

275 

308 

340 

250 

177 

213 

255 

272 

315 

334 

372 

300 

198 

238 

285 

299 

347 

380 

415 

350 

216 

260 

311 

325 

392 

419 

462 

400 

233 

281 

336 

361 

418 

450 

488 

500 

265 

319 

382 

404 

468 

498 

554 

600 

293 

353 

422 

453 

525 

543 

612 

700 

320 

385 

461 

488 

562 

598 

668 

750 

330 

398 

475 

502 

582 

621 

690 

800 

340 

410 

490 

514 

600 

641 

720 

900 

360 

434 

519 

556 




1000 

377 

455 

543 

583 

681 

730 

811 

1250 

409 

493 

589 

643 

. . . 



1500 

434 

522 

625 

698 

784 


... 

1750 

451 

544 

650 

733 




2000 

463 

558 

666 

774 

839 




* The current capacity of insulated aluminum wires is 84 per cent of that given for copper, 
t Correction factors for room temperatures exceeding 30 C are given on page 301 of the 
National Electrical Code, t ,000 omitted. 


WUXUU.UT capacity IN Amperes 

Single copper* conductor in free air. Room temperature is 30 C t 
age 15 for exnl.mntmn nf 


See 


Size 
AWG o 
CMt 

Type Letter 

r 

R 

RP 

RH 

RHT 

1 V 
AVB 

AVA 

AI 

A 

SB 

SBW 

14 

20 

24 

29 

30 

39 

40 

43 

23 

12 

26 

31 

37 

40 

51 

52 

57 

30 

10 

35 

42 

50 

54 

65 

69 

75 

40 

8 

48 

58 

69 

71 

85 

91 

100 

53 

6 

65 

78 

94 

99 

119 

126 

134 

70 

5 

76 

92 

110 

115 

136 

145 

158 

80 

4 

87 

105 

125 

133 

158 

169 

180 

90 

3 

101 

122 

146 

155 

182 

194 

211 

100 

2 

118 

142 

170 

179 

211 

226 

241 

125 

i 

136 

164 

196 

211 

247 

264 

280 

150 

0 

160 

193 

230 

245 

287 

306 

325 

200 

00 

185 

223 

267 

284 

331 

354 

372 

225 

000 

215 

259 

310 

330 

384 

410 

429 

275 

0000 

248 

298 

358 

383 

446 

476 

510 

325 

250 

280 

338 

403 

427 

495 

528 

562 

350 

300 

310 

373 

446 

480 

555 

592 

632 

400 

350 

350 

421 

504 

529 

612 

653 

698 

450 

400 

380 

457 

547 

575 

665 

710 

755 

500 

500 

430 

517 

620 

660 

765 

814 

870 

600 

600 

480 

577 

691 

738 

857 

912 

970 

680 

700 

525 

632 

756 

813 

942 

1003 

1065 

760 

750 

545 

655 

785 

846 

981 

1044 

1118 

800 

800 

565 

680 

815 

879 

1020 

1085 

1150 

840 

900 

605 

728 

872 

941 




920 

1000 

650 

782 

936 

1001 

1163 

1238 

1332 

1000 

1250 

740 

890 

1066 

1131 





1500 

815 

980 

1174 

1261 

1452 



1360 

1750 

890 

1070 

1282 

1370 





2000 

960 

1155 

1383 

1472 

1713 

.... 

.... 

1670 


+ rw. , ; ; ; is per cent of that given for copper. 

N J 1 m ° r r °° m tem P eratures seeding 30 C are given on page 302 of the 

National Electrical Code. } ,000 omitted. 
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r ,,. c ' T-nv and Temperature Coefficient of 
Resistivity (p) in Michosmsp Certain Conductors 


(Temperature is 20 C unless otherwise specified)^ 


Material 

Aluminum 
Antimony. . 
Barium 
Beryllium. . 
Bismuth.. .. 


2.688 
39.1 at 0 
9.8 
10.1 
120 


0.00403 
0.0036 at 0 
0.0033 


Material 


Mercury. 


0.00089 


Molybdenum 5.08 at 0 0.0047 (0-100) 


Carbon. 3500 at 0| 

Calcium.... 4.59 

Cerium. 78 


0.004 usmium.. .. 

—0.0009 at 0 Palladium. . 
0.00364(0-600) Platinum... 

Potassium. . 
Rhodium... 


—. in „.n jtvnuui 

Cesium. 19 at9 . Silver 

Chromium.. 2.6 at 0 . 


Chromium.. 2.0 at 

Cobalt. 9 - 7 

Copper. 1.724 

Gold. 2.44 

Graphite... 800 at 0 

Iron. 9 ’8 

“ cast.... 79-104 
Lead. 22.0 


Lithium.. .. 8.55 at 01 
Magnesium 4.46 

Manganese 5 


0 0033 Monel metal. 42 

.. Nickel. 7.8 

0.004 Osmium. 9.5 

-0.0009 at 0 Palladium... G 

0.00364(0-600) Platinum.... 9-83 at 0 
Potassium... 6.1 at u 

Rhodium.... 5.11 at 0 

Silver. 1.629 at 18 

0.00658 (0-100) Sodium. 4 -3 a £° 

0.00393 Strontium. . . 24.8 

0.0034 Tantalum... «« 

Tellurium... 2 X 10 

0.0065 (0-100) Thallium.... 17.6 at 0 
Thorium.... 

0.0039 Tin. u -3 

i 0.0047 at 0 Titanium.... 3.U 

0.0040 Tungsten.... 5-5 


0.00537 (20-100) 
0.0033 


0.00393 

0.0034 

0.0065(0-100) 


24.8 

15.5 

2 X 10 5 
17.6 at 0 
18 

11.5 
3.0 

5.5 


0.003 at 0 
0.0055 at 0 
0.0043 at 0 
0.0038 
0.0054 


0.0040 at 0 
10.0021 (20-1800) 
0.0042 


Zinc.| 5.75 atO 


0.0047 (0-100) 
0.0037 at 0 


1 - rnBB AND Dielectric Constant (k) 

Resistivity temperature __ 


Material 

Alcohol, ethyl. 
“ methyl. 

Amber. 

Amylacetate. . 
Asbestos paper 
Asphalt. 



k Material 

5.0-54.6 Oil, olive. 

31.2-35.0 “ paraffin... 

“ petroleum. 
4.81 Paper. 


4.81 

2.7 

2.7 

4.5-5.5 


5X10 6 

10 10 

2X10 10 

10 4 - 10 9 


Paraffin:::::: 5X1^ : 5X 10- 1.9-2.3 


Bakelite.. ’.'. - - ^ ^ S'. ■'. ■ '■ ’• ■ 7X10 9 -5X10“ 


Porcelain. 
[Quartz. . . 


3X10 8 

10*-5X10 12 


Beeswax. 6X10 8 

Cellophane. •••■,■ ' 

Celluloid. 2X10 

Cellulose 

Gia"::::: sxi^ 

Guttapercha.. ' 3X10 4 ' ' 

Tee . 720 

M°a r r y bie.-.::::: A, 


4 X10 7 —2 X 10 u 


Rubber, hard. 
Sealing wax.. . 

Selenium. 

Shellac. 

Silica, fused... 

Slate. 

Sulphur. 

Turpentine 
Water, dist... .1 
Wood, 

paraffined. . 


3X10 10 -10 12 

10 9 -8X10 9 

0.06 

10 19 

10 8 - 10 13 

10 2 - 10 4 

8X10 9 -10 U 


4.4 

4.7-5.1 

2.5 

2.0-3.5 

6.1-7.4 
3.0-3.7 

3.5- 3.6 

6.6- 7.4 
2.9-3.2 

2.23 

81 


3X10 4 -4X10’ 


Multiply “ microhms per cm. cube ” by 6.01 to 


obtain “ ohms per mil-foot.” 
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Note A. Multiply abscissa scale by io. 
Note B. Multiply abscissa scale by 200. 


Conversion Factors 


Multiply 

by 

to obtain 

Ampere turns per inch 

0.394 

ampere turns per cm. 

Ampere turns per cm. 

2 54 

ampere turns per inch. 

Kilomaxwells per sq. inch 

155 

gausses. 

Gausses 

6.45 X 10- 3 

kilomaxwells per sq. in. 
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Chapter I 

1. A series circuit contains the emf’s and resistances shown 
in Fig. 228. Determine (a) the resultant emf, (b) the resultant 



E-10 r 

R-0.2" 


Fig. 228 

resistance, (c) the current, and (d) the respective potentials 
between a-b, b-c, c-d, and d-a. 

Ans. (a) 30 volts, (b) 1.5 ohms, (c) 20 amperes, and (d) F a & = 
— 10, Vbe = —7, Vcd = 0, and F da = +17 volts. 

2. Two batteries and a resistance of 2 ohms are connected in 
series as shown in Fig. 229. Battery A has an emf of 50 volts 
and an internal resistance of 0.5 ohm. The emf and resistance 


E=60 v e:=? 

R=0.6 W R=? 



R=2«' 

Fig. 229 


of battery B are unknown. When battery B is connected in con¬ 
junction with battery A (as shown in the figure) the potential 
between a and b is +37.8 volts. When battery B is connected in 
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PRACTICE PROBLEMS 


opposition to battery A the potential between a and b is +44 volts. 
Determine (a) the emf and (b) the resistance of battery B. 

Ans. (a) 17 volts and (b) 0.247 ohm. 

3. A direct-current generator converts mechanical energy into 
electric energy at a rate of 1200 watts when its armature current 
is 10 amperes. With the same armature current electric energy is 
converted into heat energy within the armature at a rate of 60 
watts. Determine (a) the emf generated in the armature and 
(b) the ar. ature resistance between terminals. If operated under 
the above conditions for 8 hours determine (c) the energy con¬ 
verted from mechanical energy into electric energy, (d) the elec¬ 
tric energy converted into heat energy within the armature, and 
(e) the electric energy delivered from the terminals. 

Ans. (a) 120 volts, (b) 0.6 ohm, (c) 9.6 kwhrs, (d) 0.48 kwhr, 
and (e) 9.12 kwhrs. 

4. A resistance of 4.2 ohms is connected between the terminals 
of a storage battery as shown in Fig. 230. Determine (a) the rate 
at which chemical energy is converted into electric energy within 


R-4.2" 


Fig. 230 

the battery, (b) the rate at which electric energy is converted 
into heat energy within the battery, and (c) the rate at which 
electric energy is delivered from the battery. 

Ans. (a) 80 watts, (b) 12.8 watts, and (c) 67.2 watts. 

5. What emf must be impressed upon a storage battery of 6 
volts emf and 0.1 ohm internal resistance to convert 0.5 kilowatt- 
hour into chemical energy in 8 hours? 

Ans. 7.04 volts. 

6. Given the circuit shown in Fig. 231, how much resistance (a) 
must be connected between a and b to make the power absorbed 
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229 


f rzr: ^r,:; r to rr ditio “ “•« - 

a-d. d (Cj the total P ower output of the part 

AUS ‘ ^ 8 ° hms ’ (b ) 7 - 5 vol ts, and (c) 33.2 watts. 


20 11 



R °- 231 Ra 232 


7. A miniature incandescent lamp of 50-ohms resistance is 

fet-culntT 8 " ith r Unlm r reSi8tanCe “ a 110-volt 
ctnect current hne as shown in Fig. 232. A voltmeter of 200 

re»* sTvT' nT C,ed * he termi " als «*• l»n>P, 

reads 8.2 volts. Determine (a) the potential between the lamn 

Si ^ 'he' t,ir lt r ter k removed and <b) the 

burnt out C0,,n “ tol *> indicated and the lamp 

Ans. (a) 10.1 volts, and (b) 31.6 volts. 



Fig. 233 


Fig' 233 “1°/ 40 TO "f f ‘"P™*** upon the circuit shown in 
,ST ™ me resistance between a 

( ) the current in the 8-ohm resistance. 

Ans. (a) 1.62 ohms, and (b) 0.17 ampere. 
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9. Three batteries, A, B, and C, are connected as shown in 
Fig 234. Determine the current in each battery. 

Ans. I a = 1.58, In = 2.32, and Ic = 3.90 amperes. 



Fig. 234 Fig - 235 


10 . Two separately excited direct-current generators, operating 
in parallel, supply power to a group of 50 incandescent lamps con¬ 
nected in parallel as shown in Fig. 235. The generated emf of 
No. 1 is 124 volts and the generated emf of No. 2 is 120 volts. 
The resistance of No. 1 between terminals is 0.2 ohm, and the 
resistance of No. 2 between terminals is 0.1 ohm. Each lamp has 
a resistance of 100 ohms and the connecting line wires, ab and cd, 
each have a resistance of 0.06 ohm. Determine (a) the armature 
current of generator No. 1, (b) the armature current of generator 
No. 2, (c) the line current, (d) the terminal potential at each 
generator, and (e) the terminal potential at the lamps. 

Ans. (a) 31.85 amperes, (b) 23.65 amperes, (c) 55.5 amperes, 
(d) 117.6 volts, and (e) 111.0 volts. 



Fig. 236 


11 . Determine the current in each section of the connection 
shown in Fig. 236 when the potential between a and b is 50 volts. 
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What is the equivalent resistance of the connection between a 
and 6? 

,4ns. I 2 = 7.70, I 3 = 6.70, h = 7.48, I b = 6.92, / 6 = 0.78 
amperes and R ab = 3.47 ohms. 

12 . Given the two batteries connected as shown in Fig. 237. 
For what value of R will the power output of each battery be the 
same? 

Ans. 0.25 ohm and zero. 



Fig. 237 


13 . Given the connection shown in Fig. 
238, determine the potential from b to c when 
the potential from a to c is -115 volts. 

Ans. Vbe = —79 volts. 

44. The resistance of the copper winding 
of the armature of a motor at 20 C is 0.16 
ohm. After the motor has been in service 
for several hours, the armature resistance is 



Fig. 238 


found to be 0.20 ohm. Determine the corresponding temperature 


of the armature winding. 


Ans. 83.6 C. 


15 . An electric heater is to be constructed of nickel-chromium 
wire 0.03 inch in diameter and 100 microhms per centimeter cube 
resistivity when hot. How many feet of this wire should be wound 
on the heater if it is to absorb 600 watts when connected across a 
115-volt line? 

Ans. 33 feet. 


16 . A No. 10 (A.W.G.) iron ware is covered with a copper coat- 
ing, 0.002 inch in thickness. The resistivity of the iron is 50 ohms 
per mil-foot and of the copper 10.4 ohms per mil-foot, both at 20 C. 
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Determine the resistanee of this copper-covered wire per mile at 
20 C. 

Ans. 18.3 ohms. 

17 Given the following data regarding aluminum and coPPf 
1 /. Uiveu . .. •, 17 1 ohms pe r mil-foot at 20 O, 

wire: aluminum iesis > .' 28 cents per pound; 

. ,. n n q 7 o n ound per cubic inch; cost, 28 cents pc p ’ 
weight, 0 0972 JT } , ohms per m il_f 0 ot at 20 C; weight, 
copper resistivity, • ts Der nound. Determine 

0.321 pound ^ 2()(X) feet in length of 

o'l-ohm^resistance at 20 C, (a) when made of aluminum, and 

18 . lr^”y a tf 

at an efficiency of 8 P same size as the copper 

at the power station remain constant. 

Ans. 75.3 per cent. 



Fig. 239 


19. Energy ir trammitted from a 01102*ohm 

£CU££t «-*- 

of lamps takes 30 amperes am e lamps, (b) the power 

Determine (a) the power_ ™PP 1 the Une wires, (4) 

ZS tsShWrd, and <e) the efficiency 

(b) 2338 warn, (c) 405 watts, (d> 6250 
watts, and (e) 93.5 per cent. 

20 Energy is transmitted from a 230-volt generator to a fac- 
torToycr a transmission line of 0.1-ohm res.stance, When 
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power received at the factor is 50 kilowatts, what is (a) the line 
current, (b) the line potential at the factory, and (c) the efficiency 
of transmission? 

Ans. (a) 243.1 amperes, (b) 205.7 volts, and (c) 89.4 per cent. 

21. What size (A.W.G.) of RP rubber-covered copper wire in 
conduit should be used to transmit 30 kilowatts to a motor lo¬ 
cated 350 feet from a switchboard if the line potential at the 
switchboard is 237 volts and the line potential at the motor must 
not be less than 230 volts? The temperature of the wire is 50 C, 
and the room is 30 C. The wire must comply with all require¬ 
ments of the National Electrical Code. 

Ans. No. 000. 

22. What is the most economical size of copper wire for a 
transmission line which conducts 50 amperes during 3000 hours of 
each year if copper costs 14 cents per pound, electric energy costs 
2 cents per kilowatthour, and the annual interest on the capital 
invested in the copper, including capital interest, depreciation, 
and taxes, is 8 per cent? 

Ans. 217,000 circular mils. 

23. An aluminum transmission line 1 mile in length conducts 
100 amperes during 3000 hours of each year. The aluminum costs 
23 cents per pound and weighs 0.0972 pound per cubic inch. The 
electric energy costs 2 cents per kilowatthour and the annual 
interest, depreciation, and taxes total 8 per cent. The line poten¬ 
tial at the load is 550 volts. If the most economical size (nearest 
A.W.G.) is installed what will 
the efficiency of transmission be 
at a line temperature of 30 C? 

Ans. 95.9 per cent. 

24. An Edison three-wire sys¬ 
tem is operated with an unbal¬ 
anced load as shown in Fig. 240. 

The line potentials at the two 
generators are adjusted to make the line potential at each lamp 
load 110 volts. Determine the line potential at each lamp load 
after a fuse ( F ) in the neutral wire opens the circuit, the line poten¬ 
tials at the generators remaining the same as before. 

Ans. V a b equals 20.1 volts and Vb c , 200.7 volts. 



Fig. 240 


234 practice problems 

25 Determine the transmission efficiency of an Edison three- 
25. Uetern conditions: terminal potential of 

wire system under the ^ transmission wire, 

„h“ e ™.°ent in the uiper wire (Fig. 12, page 18), 25 amperes 
tt righ" cunen. in .he neutral wire, 7 amperes to the left,. 

Ans. 98.0 per cent. 

Each lamp ha, a resistance of 200 ohms, whreh ,s to be aasum 


30 lamps 


Fig. 241 

r^fin 2 SS itotentiaT'betwcen Z 

terminals in each group of / la ™ p ®'. = 1( )9 7 volts and 

Ans. (a) 9.2 amperes (to left), and (b) V A - iw.i 

y B = 120.8 volts. 

Chapter II 

.«• it;zr:zt ss-is ires. 

S Centers ) 6 DetermJthe magnetic flux density at a pom 
op^sL the longitudinal 

(3 feet from the further wire) when 
the transmission line conducts 100 amperes. 

Ans. 0.438 gauss. 

28. Two straight parallel wto, ^“^fa^tohS 
?S^rrrnt°rhe Aboard and ,b) the 
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force with which the upper wire repels each foot in length of the 
lower wire. The permeability of all parts is unity and the wires 
may be assumed to be of infinite length and negligible cross section. 
Ans. (a) 3.94 gausses, and (b) 7500 dynes. 



Fig. 242 Fig. 243 


29. Determine the magnetic flux density at the point B in 
Fig. 243 due to a current of 20 amperes flowing as shown in the 
figure. The current path through the battery is to be assumed 
a straight line. 

Ans. 2.93 gausses. 

30. Three straight wires, each 30 centimeters in length and 
having the same resistance, form an equilateral triangle as shown 
in Fig. 244. The total current flowing in at (a) and out at ( b ) 
is 18 amperes. Determine the magnetic flux density, due to the 
triangle only, at a point in the plane of the triangle at its center. 

Ans. Zero. 



Fig. 244 Fig. 245 


31. Determine the number of ampere turns required to estab¬ 
lish a magnetic flux of one million maxwells in the magnetic 
circuit shown in Fig. 245. The area of the magnetic circuit 
perpendicular to the flux is 12.5 square inches throughout. The 
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part, ABODE, is made of cast steel and has an average length of 
50 inches. The part, AE, is an air gap 1.5 inches in length. 

Ans. 39,000 ampere turns. 

32. A ring, 10 inches in mean diameter, consists of two sections 
welded together as shown in Fig. 246. One section is made of 
wrought iron and the other section of cast steel. If 1743 ampere 
turns are wound upon the ring and the flux density in the ring is 
to be 80 kilomaxwells per square inch what percentage of the 
length of the ring should be made of wrought iron and cast steel 
respectively? 

Ans. Wrought iron, 50 per cent; cast steel, 50 per cent. 



Fig. 246 Ftg - 247 


33. Five hundred turns of wire conducting 7 amperes are wound 
on a wrought iron core with a 0.25-inch air gap as shown in Fig. 247. 
The mean length of the flux path in the iron is 40 inches and its 
cross-sectional area is 6 square inches. Determine the force per 
inch length on a straight wire located in the air gap and conducting 

0.5 ampere. 

Ans. 806 dynes. 

34. How many ampere turns must be wound upon the bar of 
wrought iron shown in Fig. 247 to produce a force of 200 pounds 
between the opposite faces of the air gap? The wrought iron bar 
has a mean length of 20 inches, a uniform cross-sectional area of 
4 square inches, and its magnetization curve is given on page 223. 
The air gap has a length of 0.25 inch and its cross-sectional area 
may be assumed to be the same as that of the iron. 

Ans. 5250 ampere turns. 

35. Given the magnetic circuit of a lifting magnet as shown in 
Fig. 248. Both the upper and lower members are made of cast 
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steel (magnetization curve on page 223). The mean length of the 
magnetic flux in the upper member is 30 inches and in the lower 
member 12 inches. Each air gap (where the lower member 
makes contact with the upper member) may be taken as 0.02 



inch. Each area of contact and the mean area perpendicular to 
the magnetic flux is 15 square inches. How many ampere turns 
must be wound on the upper member to support a weight of 1 ton, 
including the weight of the lower member? 

Ans. 1670 ampere turns. 

36. A lifting magnet of the type shown in Fig. 248 is to be 
designed to support a weight, including the lower member, of 1600 
pounds. It is to be wound with 980 ampere turns and each air 
gap is to be assumed 0.01 inch in length. Each surface contact 
is to be 10 square inches and the total length of the magnetic circuit 
in the iron is to be 20 inches. What kind of iron (page 223) should 
be specified for the construction of the magnet? 

Ans. Cast steel. 

37. The cross section of the iron core of 
a magnetic relay is shown in Fig. 249. The 
plunger (AB) and the magnetic shell 
(CDFD'C') are made of cast steel of the 
following dimensions: length (AB), 5 inches; 
sectional area, perpendicular to the paper 
(AB), 0.8 square inch; length (BODE) and 
(BC'D'F), each 9 inches; sectional area 
(BCDF) and (BC'D'F), each 0.5 square inch; air gap (AF), 0.1 
inch. How many ampere turns must be wound on AB (cross- 
hatched section shows section of coil) to cause the plunger to 



Fig. 249 
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rise and close air gap (AF) if the plunger weighs 1.2 pounds and 
friction is neglected? 

Ans. 355 ampere turns. 

38. A magnetic circuit made of annealed sheet steel has the 
dimensions shown in Fig. 250. The cross-sectional area of mem¬ 
bers A and B is 5 square inches (each) and of member C, 4 square 
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Fig. 250 


inches. The number of turns on member A is 50 and on member 
B, 80. If the flux density in member C is to be 100 kilomaxwells 
per square inch determine the currents to be established in coils A 
and B respectively so that the flux density in member B will be 
zero. 

Ans. I a = 6.7 amperes and I B = 2.5 amperes. 

39. The hysteresis loop of a sample of iron is plotted to the 
following scale: abscissa, 1 centimeter equals 10 ampere turns 
per centimeter; and ordinate, 1 centimeter equals 2000 gausses. 
When the maximum flux density is 11,500 gausses the area of the 
loop is found to be 3 square centimeters. The volume of the iron 
sample is 100 cubic centimeters. If the sample is revolved in a 
magnetic field of 11,500 gausses flux density at the rate of 60 
revolutions per second determine the power lost in the iron due to 
hysteresis. 

Ans. 3.6 watts. 


Chapter III 

40. A rotating disc, r centimeters in radius, Is located at the 
center of a long air-core solenoid with its axis of rotation coinciding 
with the axis of the solenoid as shown in Fig. 251. The solenoid 
has n turns per centimeter length and it may be assumed that the 
flux density due to the solenoid is uniform throughout the disc. 


In the figure, G is a galvanometer, R is an unknown resistance 
A is a brush resting on the periphery of the disc, B is a brush 
resting on the disc shaft, C and D are the end terminals of the 

Cross section 



solenoid. When the disc revolves at a speed of S rpm, the gal¬ 
vanometer reads zero. Determine the value of R. The battery 
emf is unknown. 


. „ 6.57 r*nS , 

Ans. R - —— ohms. 


41. A long solenoid of wire of 0.01-henry self-inductance has a 
single layer of double-cotton covered copper wire. The core is 
air and the diameter of the wire, including the insulation, is 0.019 
inch. Determine the volume of the core. 

Ans. 1850 cubic cm. 


42. A solid cast steel ring 8 inches in mean diameter and 2 
square inches in cross-sectional area is wound uniformly with 
500 turns of wire. Find the inductance of this winding when 
carrying 0.25 ampere. 

Ans. 1.0 henry. 

43. Referring to Fig. 249 accompanying Problem 37, determine 
the inductance of 200 turns of wire surrounding the plunger (AB) 
when conducting a current of 2 amperes and with the air gap 
open (0.1 inch). 

Ans. 0.0094 henry. 

44. A coil having a concentrated winding of 1000 turns has a self¬ 
inductance of 0.05 henry. What is the magnetic energy associated 
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with a current in this coil which produces a flux of 2000 maxwells? 
Ans. 0.004 joule. 

45 An emf of 20 volts is impressed upon a coil of 0.5-ohm 
resistance and 0.25-henry inductance for one second. The emf 
is then removed and the coil short-circuited. Find the current 
flowing in the coil one second after it is short-circuited. 

Ans. 4.68 amperes. 

46. A solenoid of 100 turns, 2-ohms resistance and 0.1-henry 
inductance is placed within a second solenoid of 500 turns. W hat 
emf will be induced in the second solenoid 0.1 second after a 
battery of 10 volts emf is connected to the first solenoid? The 
second solenoid is open-circuited and the resistance of the battery 
is to be neglected. 

Ans. 6.8 volts. 

47. The magnetic energy associated with an electric circuit of 
0.2-ohm resistance when conducting a current of 4 amperes is 0.8 
joule. What emf must be impressed upon this circuit to establish 
a current of 3 amperes 0.1 second after the emf is impressed? 

Ans. 3.31 volts. 

48. The field winding of a dynamo has a resistance of 25 ohms 
and contains 1000 turns. When an emf of 100 volts is impressed 
upon this winding, the field flux produced is 8 million maxwells, 
(a) What is the inductance of the winding? (b) 'Ahat will the 
current in the field winding be 0.6 of a second after the emf is 
impressed? (c) What is the ultimate value of the field current. 

(d) How much energy is stored in the magnetic circuit of the 
dynamo when the field current has reached its ultimate value. 

(e) If a non-inductive resistance of 1000 ohms is connected in 
parallel with the field winding and the emf of 100 volts impressed 
upon the resulting parallel circuit is suddenly removed, what will 
be the initial potential between the terminals of the 1000-ohm 

resistance? ,,, ,„ n 

Ans. (a) 20 henrys, (b) 2.11 amperes, (c) 4 amperes, (d) 160 

joules, and (e) 4000 volts. 

49. When an emf of 10 volts is impressed upon a coil of wire 
of unknown resistance and inductance the initial rate of change 


of the current is 100 amperes per second and the ultimate value 
of the current is 10 amperes. Determine the current flowing i n 
the coil of wire 0.1 second after the emf is impressed. 

Ans. 6.32 amperes. 

50. When an emf of 6 volts is impressed upon a coil of wire the 
initial rate of change of the flux linking the coil is 600,000 maxwells 
per second. The ultimate flux linking the coil is 100,000 maxwells 
and the ultimate magnetic energy associated with the coil is 2.5 
joules. Determine the resistance and self-inductance respectively 
of the coil. 

Ans. R = 1.2 ohms and L = 0.2 henry. 

51. How much emf must be impressed upon a coil of wire of 
3-ohms resistance and 0.4-henry self-inductance to convert 5 joules 
of electric energy into magnetic energy in 0.2 second? 

Ans. 19.3 volts. 

52. Two automobile head lamps are connected in parallel to a 
storage battery as shown in Fig. 252. Each lamp has a resistance 
of 2 ohms, the emf of the storage battery is 6 volts, the self-induct- 
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Fig. 252 


ance of the connecting wires and the frame is 0.1 henry, and the 
resistance of the battery and all connections is negligible. If one 
of the head lamps should burn out suddenly (opening in its fila¬ 
ment), determine (a) the consequent initial potential across the 
other lamp, (b) the consequent initial rate of change of the battery 
current, and (c) the time required for the potential across the 
remaining lamp to return to 6.1 volts. 

Ans. (a) 12 volts, (b) 60 amperes per second (decreasing), and 
(c) 0.204 second. 


242 - practice problems 

53. Three coils of wire are wound upon an air core in such a 
manner that all the flux due to each coil links the other two coil s . 
No 1 coil has a self-inductance of 0.1 henry and a resistance of 
1 ohm; No. 2 coil, 0.2 henry and 2 ohms; No. 3 coil, 0.4 henry 
and 4 ohms. The three coils are connected in series No. 1 and 
No 3 in conjunction, and No. 2 in opposition to those two. How 
much emf must be impressed upon this assembly of coils to estab¬ 
lish in them a current of 10 amperes in 0.01 second. 

Ans. 288 volts. 

54 . A coil of wire of 2-ohms resistance and 0.4-henry self, 
inductance is to be connected across the terminals o a storage 
batter,' ot 10 volte constant emf and negligible internal resistance. 
At the instant 0.3 second after the connection is made determine 
ill rate of energy (a) converted from chemical to electric energy, 
£) converted from electric to thermal energy, and (c) converted 

from electric to magnetic energy. 

Am. (a) 38.8 watts, (b) 30.1 watts, and (c) 8.68 watts. 


Fig. 253 

55. In the parallel connection shown in rta jrtem 

instant the total current M flowing from a ' 

and is increasing at a rate of 500 ampetes per s^<’determine 
same instant the potential from a to b IS -50 vol ^ ^ 

the magnitude, direction, and rate of chang 

branch. di __ jqO 

Ans. Upper branch, i = 25 amperes (to right) and - - 

amperes per second (increasing). Lower branch, r = 15 am{M 

(to left) and = 400 amperes per second (decreasing). 
dl 
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56. The switch connecting the two points, a and b, in Fig. 254 
j s closed until the current reaches its ultimate value. The switch 
jg then opened, connecting an additional resistance of 2 ohms in 
ggries with the circuit. Determine the current flowing in the cir¬ 
cuit 0.2 second after the switch is opened. 

Ans. 3.38 amperes. 


2 “ 

20 

0.4 % 


Fig. 254 Fig. 255 

67. After the switch shown in Fig. 255 is connected to a for 0.1 
second, the switch is suddenly thrown to b. Determine (a) the 
current flowing in the coil shown on the right 0.2 second after the 
switch is thrown to b, and (b) the time in seconds after throwing 
the switch to b w r hen the current in the coil is zero. 

Ans. (a) 3.47 amperes and (b) 0.082 second. 

58. When a coil of wire of 2-ohms resistance and 0.1-henry self¬ 
inductance is connected to the terminals of a battery of negligible 
resistance the energy stored in the magnetic field of the coil after 
the current has reached its ultimate value is 4 joules. How much 
additional emf must be connected in series with the coil to double 
the magnetic energy in 0.05 second? 

Ans. 11.7 volts. 

69. A two-wire transmission line, 1 mile in length, consists 
°f No. 0 stranded copper wires spaced 3 feet on centers. A con¬ 
stant emf of 600 volts is impressed upon the line at the genera¬ 
tor end. The load is non-inductive and contains no source of 
e mf. The temperature of the line wires is 25 C. If, after steady 
°Peration with a load resistance of 9 ohms, the resistance of the 
°ad is suddenly changed from 9 ohms to 4 ohms determine 
t'®) the initial emf induced in the transmission line and (b) the 
^tial rate of change of the line current. 

Ans. (a) 298 volts and (b) 84,000 amperes per second. 
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60. A battery of 20 volts emf and negligible resistance is con¬ 
nected across a parallel connection as shown in Fig. 2o6 How 
long will it take for the current in the right-hand branch to equal 
the current in the left-hand bianeh? 

Ans. 0.122 second. 



Fig. 256 Fig - 257 


61 A coil of wire is connected to a battery of 50 volts emf by a 
reversing switch as shown in Fig. 257. The coil of wire, including 
the switch and battery, has a resistance of 5 ohms and a self¬ 
inductance of 0.2 henry. The switch after being closed until the 
current has reached its ultimate value is instantaneously reversed, 
(a) How long after the switch is reversed will the current in ie 
coil be zero? (b) At what rate will the current be changing at this 

instant? , 

Ans. (a) 0.0278 second and (b) 250 amperes per second. 

62. Given the series connection shown in 
Fig. 258. Neglecting the resistance of the bat¬ 
tery, at what time after closing the switch will 
the power absorbed between a and b equal the 

ih power absorbed between b and c? 

Ans. 0.755 second. 

Chapter IV 

63. A rectangular coil of 100 turns of wire, 
3A 15 inches by 10 inches in dimensions, is ro¬ 
tated about an axis through the centers of 
the 10-inch sides at a speed of 1000 rpm in a 
magnetic field of 2000 gausses flux density, 
the axis of rotation being perpendicular to 

the flux density. Determine (a) the maximum instantaneous 
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emf generated in the coil and (b) the maximum instantaneous 
torque in pound-feet acting on the coil when conducting two 
amperes. 

Ans. (a) 203 volts, and (b) 2.86 pound-feet. 

64. A two-pole magneto with a drum-wound armature of 1000- 
ohms resistance between brushes has 1000 armature conductors 
and an air-gap flux of 36,000 maxwells per pole. If a resistance of 
2000 ohms is connected across the terminals of this magneto what 
speed would be indicated by a terminal potential of 5 volts? 

Ans. 1250 rpm. 

65. The generator shown in Fig. 41, page 48, has an armature 
resistance between brushes of 0.1 ohm and a magnetic flux per pole 
of 6 million maxwells. If a resistance of 0.9 ohm is connected 
externally between the brushes at what speed must the armature 
be driven to convert mechanical into electrical energy at a rate of 
400 watts? 

Ans. 1667 rpm. 

66 . Referring to the armature winding shown in Fig. 45 (p. 50) 
determine (a) the terminal potential of the dynamo operated 
as a generator when the magnetic flux per pole is 4 million 
maxwells, the rotational speed is 1200 rpm and the total armature 
current is 20 amperes. With the armature at rest and carrying 
a current of 20 amperes at a temperature of 80 C the potential 
between the brushes is 2 volts and the potential from each brush 
to the commutator is 0.5 volt. If the armature winding consists 
of No. 16 copper wire, (b) what is the total length of the wire on 
the armature? 

Ans. (a) 20.4 volts, and (b) 40.2 feet. 

67. A six-pole, 100-kilowatt, shunt generator while operating 
at full load has a terminal potential of 230 volts. The shunt field 
resistance is 11 ohms and the armature resistance between brushes 
is 0.03 ohm. The armature has a lap-winding containing 600 
conductors and revolves at a speed of 900 rpm. Determine the 
magnetic flux per pole. 

Ans. 2.71 X 10 6 maxwells. 

68. A six-pole, lap-wound armature has a resistance between 
terminals, not including brush contact, of 0.0134 ohm at 25 C. 
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If the armature contains 1200 feet of copper wire determine (a) 
the size of the wire in the American Wire Gage. If each of the 400 
conductors on the armature is capable of carrying 20 amperes 
continuously determine (b) the maximum power that may be 
converted (mechanical to electrical) within the armature when 
revolving at a speed of 1200 rpm in a magnetic flux per pole of 
2 million maxwells. 

Ans. (a) No. 6 and (b) 19.2 kilowatts. 

69. A six-pole, wave-wound, direct-current generator is capable 
of converting mechanical to electrical energy continuously at a 
rate of 60 kilowatts when operated at a speed of 1200 rpm. If 
the armature conductors are reconnected to form a lap-winding 
and the generator is operated at a speed of 1000 rpm, by what per 
cent must the field flux be increased or decreased (state which) 
to be capable of converting energy continuously at the same rate 
as before? 

Ans. Increase flux 20 per cent. 

70. A shunt generator has the magnetization curve at 1000 
rpm shown in Fig. 49, page 56. At what speed must this genera¬ 
tor be run at no load to generate an emf of 115 volts with a shunt 
field resistance of 22.5 ohms? 

Ans. 871 rpm. 

71. Given the magnetization curve (Fig. 49, page 56) of a 
25-kilowatt shunt generator at 1000 rpm. At what speed must 
this generator be operated to deliver 25 kilowatts at a terminal 
potential of 120 volts if the armature resistance is 0.03 ohm and 
the shunt field resistance is 40 ohms? The effect of armature 
reaction is to be neglected. 

Ans. 1191 rpm. 

72. The generated emf of a shunt generator when operated at a 
speed of 1000 rpm at no load is 130 volts. The magnetization 
curve of this generator is given on page 56. The armature resist¬ 
ance between terminals is 0.03 ohm. If this generator is to be 
operated with an armature current of 200 amperes, a terminal 
potential of 130 volts and at the same speed (1000 rpm) how much 
resistance must be removed from the shunt field circuit? The 
effect of armature reaction is to be neglected. 

Ans. 2.4 ohms. 
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73. A 25-kilowatt shunt generator .• 

Page 56) has a terminal potent 1? ^! ^ CUrve °n 
1000 rpm. Each pole contain!^1000 turns th * fuD ] ° ad a «d 
is 0.045 ohm, and the shunt field • ’ ile armature resistance 

mine the 23 ° f W 

Ans. 500 ampere turns. h armature per pole. 

and operated ItTsSd oMOOO 7^™° of 0 03 ohm 

115 volts when the armature^ITis 200 7^ ° f 

netization curve of this generator is A, - ' mperes - T he mag- 
lecting the effect of armature reaction °<W ° n . page 56 ‘ N eg- 
potential of this generator at no load etemune the termin al 
Ans. 125 volts. 

be operated to make the terminal must the generator 

load is 20 kilowatts? The effect of f 12 ° V ° lts when the 
neglected. ai mature reaction is to be 

Ans. 1082 rpm. 

on page 56 has SooTurns^f magnctization curv e shown 

ture resistance is 0.05 "hm Wh" 7 ^ The a ™ a ' 
dehvering no load the shunt field current ™! 7 ^ ,'' Pm and 
delivering full load of 25 kilowatts the lid ^ but when 
increased to 6.0 amperes to keen t . d curren t has to be 

as it was at no load. How manv cl ° tei ' miml Potential the same 
pole are there on the ^ *“■ P- 

Ans. 1000 ampere turns. 

7. A series generator operated at a speed of 10nn . 
the same magnetization curve as that , , 000 rpm has 

on page 56 except that thp oh • n for a shunt generator 
current and thescale l 100 the Series field 

changed to 300 amperes etc) ("it a . s J low o !3 amperes being 
•ore and series he.d is w ohm deteS ££?*£ ZZ 
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series generator when the resistance of the load is 0.250 ohm and 
the speed is 1100 rpm. 

Ans. 72.5 kilowatts. 

78. A 25-kilowatt, 1000-rpm shunt generator (magnetization 
curve on page 56) has 1800 shunt field turns and the resistance 
of the shunt field circuit is 30 ohms. A long-shunt compound 
generator is to be made of this machine by adding 20 series field 
turns. If there are 3350 demagnetizing ampere turns on the 
armature at full load what emf will be generated in the armature 
when the terminal potential of the compound generator is 120 volts 
and the load is 25 kilowatts? 

Ans. 125 volts. 

79. A bipolar long-shunt compound generator when operating 
at full load at 1000 rpm delivers 25 kilowatts at a terminal poten¬ 
tial of 115 volts. The magnetization curve of this generator, 
with its shunt field only excited, is given on page 56. The shunt 
field has a resistance of 35 ohms and has 1000 turns per pole. The 
combined resistance of the armature and series field is 0.04 ohm. 
At full load there are 400 demagnetizing ampere turns per pole 
on the armature. Determine the nearest integral number of 
series turns per pole. 

Ans. 6 turns per pole. 

80. A 25-kilowatt shunt generator with the magnetization curve 
shown on page 56 has 1000 shunt field turns and when operated at 
1000 rpm has a terminal potential of 115 volts at no load. How 
many series turns must be added to the generator if it is to deliver 
25 kilowatts at 115 volts terminal potential under the following 
simultaneous conditions: (1) the series turns are to be connected 
to form a long-shunt compound generator; (2) the joint resist¬ 
ance of the armature and the series turns is 0.025 ohm; (3) the 
demagnetizing ampere turns on the armature at full load are 380 
ampere turns. 

Ans. 4 turns. 

81. Given the following data regarding two shunt generators 
operating in parallel: No. 1. — generated emf, 118 volts; arma¬ 
ture resistance, 0.05 ohm; shunt field resistance, 30 ohms. 
No. 2. —generated emf, 118.5 volts; armature resistance, 0.03 
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ohm; shunt field resistance 20 ohm« * 

" by the ‘ WO g — 

Ans. 19.2 kilowatts. 

82. Two shunt generators, No 1 and Nn o „„„ * , 
be represented 1 |w e th einal <* these generltommay 

A and ^ represent Z " 7°“ 

Each generator can deliver a line current of 300? ™° generators - 

ously without overheating. Fi^d (a) tie 1 no n Tc? 
line currents nf + 8 j tlle e P° ten tial when the 

cuts of the two generators are equal, (b) the line current 

th 7, generator when the total line current is 300 amperes ( c ) 

(c)302.5 ki!owatt™Ind (dj 58« = 7 !*. ~ 1333 amperes - 

83. Three shunt generators have the following resnective evw 
nal characteristics: No. 1, 7 = 230 — 0 l T- tv o rr ° Xt 

“ - - - - «- « stsvs 

AwU No. 1, 34.4; No. 2, 36.8; No. 3, 28.8 per cent. 

84 Two shunt generators, operated in parallel at 1000 rnm 
supply power to a lighting load consisting of 120-vol To 25 
incandescent lamps connected in parallel The m ’ f°T 
curve of each generator , the same 

each generator has an armature resistance of 0.05 ohm Hmv 
many lamps are turned on when the terminal potential of 
generator is 120 volts and the shunt field resistai ei of the 7 
generators are 28 ohms and 26 ohms respective^? 4 ♦ 

reaction and line resistance may be neglected. UrC 

Ans. 342 lamps. 

85. The armature currents of two shunt generators A ,, 
connected m parallel, are 235 amperes and 119 ampe’res mspe^ 
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series generator when the resistance of the load is 0.250 ohm and 
the speed is 1100 rpm. 

Ans. 72.5 kilowatts. 

78. A 25-kilowatt, 1000-rpm shunt generator (magnetization 
curve on page 56) has 1800 shunt field turns and the resistance 
of the shunt field circuit is 30 ohms. A long-shunt compound 
generator is to be made of this machine by adding 20 series field 
turns. If there are 3350 demagnetizing ampere turns on the 
armature at full load what emf will be generated in the armature 
when the terminal potential of the compound generator is 120 volts 
and the load is 25 kilowatts? 

Ans. 125 volts. 

79. A bipolar long-shunt compound generator when operating 
at full load at 1000 rpm delivers 25 kilowatts at a terminal poten¬ 
tial of 115 volts. The magnetization curve of this generator, 
with its shunt field only excited, is given on page 56. The shunt 
field has a resistance of 35 ohms and has 1000 turns per pole. The 
combined resistance of the armature and series field is 0.04 ohm. 
At full load there are 400 demagnetizing ampere turns per pole 
on the armature. Determine the nearest integral number of 
series turns per pole. 

Ans. 6 turns per pole. 

80. A 25-kilowatt shunt generator with the magnetization curve 
shown on page 56 has 1000 shunt field turns and when operated at 
1000 rpm has a terminal potential of 115 volts at no load. How 
many series turns must be added to the generator if it is to deliver 
25 kilowatts at 115 volts terminal potential under the following 
simultaneous conditions: (1) the series turns are to be connected 
to form a long-shunt compound generator; (2) the joint resist¬ 
ance of the armature and the series turns is 0.025 ohm; (3) the 
demagnetizing ampere turns on the armature at full load are 380 
ampere turns. 

Ans. 4 turns. 

81. Given the following data regarding two shunt generators 
operating in parallel: No. 1. — generated emf, 118 volts; arma¬ 
ture resistance, 0.05 ohm; shunt field resistance, 30 ohms. 
No. 2. —generated emf, 118.5 volts; armature resistance, 0.03 


ohm; shunt field resistance, 20 ohms. Determine the tot.nl 

“ by tbe *" — — 'ho JSSELsn 

Ans. 19.2 kilowatts. 

82. Two shunt generators, No 1 and No 9 + u 

I 

Dach generator can deliver a line current of 'ton g S ' 

ously without overheating Find fa Wl ^ COntmu - 

line currents of thJ7 d ( ' the lme P° tenti al when the 

- ents of the two generators are equal, (b) the line current 

of each generator when the total line cun-enl is 300 ampe “ (c 
tiie maximum power outnnt nf + 1 -*^ + ^ iw 

s 

S)4.-7IS “ d '* - 1333 

83 Three shunt generators have the following respective extor 
nal characteristics: No. 1, V = 230 - n i r. v o te 

zir ~ rsvz 

AlUm No. 1, 34.4; No. 2, 36.8; No. 3, 28.8 per cent. 

84 Two shunt generators, operated in parallel at 1000 
suppy power to a lighting load consisting of 120-volt 60-watt 
incandescent lamps connected in parallel • 

T » f ^ 0 ~t°d 

each generator has an armature resistance of 0.05 ohm How 
many lamps are turned on when the terminal potential of each 
generator is 120 volts and the shunt field resistances of the t 
generators are 28 ohms and 26 ohms respe t vel v A ♦ 
reaction and line resistance may be neglecX ^ ^ 

Ans. 342 lamps. 

85. The armature currents of two shunt generators A and R 
connected m paml.el, are 235 amperes and",,, am ^ 
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2-ESJ 

resistance of each generator. 

Ans Gen. A, 20.9 ohms; Gen. B, 28.1 ohm . 

circuits are respectively as follows. 

A B 

, . .. r.n ohms 20 ohms 

Shunt field circuit. 0.003 ohm. 

Series field circuit . 0.01 on 

The potential between the 

volte and the X JL. and the 

1500 amperes. Neglecting tne , r B is three times 

equalizer, if the * cum , n t ^ the equalizer and its 

^tr<bTte — current of .4, and (0 the armature 

current of B. ... 3g47 amperes, and (c) 

A ns. (a) 27.6 amperes (A to B), in; 00 ± -‘ 

1154.1 amperes. ^ 

87. Given the following data regarding a 
volt bipolar shunt generator : arma ture winding 

of commutator segmen s, , • 0 00002 henry; resistance of 

between two commutator «gme"te, (h^emr^ ^ ohm; 
armature ™hmgbetw«n^f »o ^ on a commu . 

resistance from ‘ shunt field current, 4 amperes. Assum- 

::‘ r - the commutation period 

to produce sparkless commutation. 

Ans. 2.14 volts. 

88. A shunt motor h eonnecbed to 
generator by two conductors each oi 0.1 onn 
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generator armature resistance is 0.3 ohm and the field resistance 
50 ohms; the motor armature resistance is 0.2 ohm and the field 
resistance 55 ohms. If the motor field current is 2 amperes and 
the motor generated emf is 108 volts find the generated emf of the 
generator. 

Ans. 116.7 volts. 

89. A direct-current shunt motor connected to a 230-volt line 
has an armature resistance of 0.5 ohm. When the armature 
current is 10 amperes the armature speed is 1200 rpm. What will 
the armature speed be if the field flux is increased by 10 per cent, 
a resistance of 1.2 ohms is connected in series with the armature 
and the armature current is increased to 15 amperes? 

Ans. 992 revolutions per minute. 

90. A shunt motor, operated on a 220-volt line, runs at a speed 
of 1200 rpm when its electromagnetic torque is 100 pound-feet, 
and at a speed of 1230 rpm when its electromagnetic torque is 
40 pound-feet. If the line potential is increased to 240 volts the 
field flux is increased 4 per cent. At what speed would the motor 
run if operated on a 240-volt line with an electromagnetic torque 
of 80 pound-feet? The effect of armature reaction may be neg¬ 
lected. 

Ans. 1274 rpm. 

91. The magnetization curve of a shunt motor is given on page 
56. Its armature resistance is 0.077 ohm and its field resistance 
is 35.4 ohms. Neglecting armature reaction, determine its electro¬ 
magnetic torque when operated at a speed of 1000 rpm on a 115- 
volt line. 

Ans. 50.3 pound-feet. 

92. A shunt generator with the magnetization curve shown on 
page 56 is operated as a shunt motor on a 115-volt line. The arma¬ 
ture resistance is 0.025 ohm and the shunt field resistance is 50 
ohms. Determine the speed of the armature when the armature 
current is 200 amperes. 

Ans. 1196 rpm. 

93. A direct-current shunt motor when used to drive a pump 
takes 50 amperes from a 230-volt line. Its armature resistance 
is 0.2 ohm and the field resistance is 80 ohms. If the rotational 
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loss is 700 watts, (a) how much the motor It 

the pump? (b) What current is necessary 
„„ |L i! the rotational loss la assumed constant? 

Ans. (a) 9690 watts, and (b) 5.9 ampere . 

94. The armature current of a shunt motoi^connect 
Ans. 557 watts. 

96. A direct-current, separate,, 

rpm takes “ *™“2'tu C rS»tance between brushes is 0.5 oturn 
at no load. Its armature driven by belt 

If this motor is discor'““‘le separate field excitation as before, 
at the same speed and the “ . 1 ‘ er (i n watts) to the 

determine the req uired meeh ^ 1 connccted across its 

dynamo when a lesistance ui 
terminals. 

Ans. 1567 watts. , 

96. A shunt motor is loaded by means^aribnytaje ^ 

the following data ampe Us; speed, 1220 

current, 86.4 ampeies, ’ s 2 2 pounds; length 

rpm, M— SsT^matuT—, 0.074 ohm. 

Findt) thTrotational loss, and (b) the efficiency of the motor 

&t Ans l °t) 770 watts, and (b) 82.4 per cent. 

97. When a 

watts at 220 volts teromMl pot resistance is 90 ohms and the 
" Since is othm, determine the rotational loss of the 
generator. 

Arts 770 watts. u .1 

98 . A direcnrrent ^ 

has a held resistance of 80 ohms ar and may 

motor when it takes 50 amperes from the line. 

Ans. 13.1 horsepower. 
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99. A shunt motor connected to a 230-volt line delivers 10 
horsepower at a speed of 1200 rpm. The armature resistance 
is 0.2 ohm and the rotational loss is 500 watts. Assuming that 
the rotational loss, armature resistance, field resistance, and line 
potential remain constant, at what speed will the motor run when 
the output is 5 horsepower? 

Ans. 1216 rpm. 

100. When a shunt motor is operated at a speed of 1500 rpm 
the combined hysteresis and eddy-current loss is 300 watts, of 
which the hysteresis loss is 40 per cent and the eddy-current loss 
is 60 per cent. If the field flux is maintained constant what would 
the combined hysteresis and eddy-current loss be at 1200 rpm? 

Ans. 211 watts. 

101. A series motor operating on a 230-volt line has a combined 
armature and series field resistance of 0.4 ohm. What current 
will this motor take from the line when developing an electro¬ 
magnetic torque of 60 pound-feet at a speed of 1200 rpm? 

Ans. 48.5 amperes. 

102. A 15-kilowatt, direct-current shunt generator when oper¬ 
ated at full load at 230 volts terminal potential and 1200 rpm has an 
efficiency of 86 per cent. The shunt field resistance is 60 ohms 
and the armature resistance is 0.16 ohm. Determine (a) the power 
output and (b) the speed of this dynamo when operated as a shunt 
motor at 230 volts terminal potential and with the same field 
current and armature current as when operated as a generator at 
full load. The rotational losses may be assumed constant. 

Ans. (a) 19.2 horsepower, and (b) 1090 rpm. 

103. A 25-kilowatt, 220-volt, 800-rpm shunt generator has an 
armature resistance of 0.12 ohm. When this dynamo is running 
at no load as a motor at 800 rpm, its armature takes 6.4 amperes 
from a 220-volt line. Assuming constant rotational loss, what 
is the efficiency of this dynamo operated as a generator at one- 
half rated load at 220 volts, if the field resistance is 60 ohms? 

Ans. 82.5 per cent. 

104. A shunt generator when delivering 15 kilowatts at a termi¬ 
nal potential of 230 volts has an efficiency of 87 per cent. The 
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shunt field resistance is 65 ohms and the armature resistance 0.15 
ohm. The mechanical power input to this generator when drive 
at the same speed with no generated emf (field disconnected an 
line switch open) is 300 watts. Determine the combmed hystere¬ 
sis and eddy-current losses of the generator. 

Ans. 418 watts. 

105. A 230-volt, 15-kilowatt shunt generator with a shunt field 
resistance of 100 ohms and an armature resistance of 0.23 o m 
operates at full load at an efficiency of 87 per cent Assuming no 
change in the rotational losses or air-gap flux determine the per 
cent change in speed from no load to full load when this dynamo 
is operated on a 230-volt line as a shunt motor. 

Ans. Decreases 6.5 per cent. 

106. A belt-driven 15-kilowatt shunt generator when operated 
at full load at 230 volts terminal potential and 1500 rpm has an 
efficiency of 85 per cent. The shunt field resistance is 58 ohms 
and the armature resistance is 0.18 ohm. If the belt should slip 
off while this generator is operating in parallel with other generators 
on a 230-volt line at what speed would it operate assuming that 
the rotational loss is directly proportional to the speed. ie 
effect of armature reaction may be neglected. 

Ans. 1420 rpm. 

107. A 230-volt, 15-kilowatt shunt generator with a shunt field 
resistance of 90 ohms and an armature resistance of 0.2 o m 
operates at full load at an efficiency of 87 per cent. Assuming no 
change in the rotational losses or air-gap flux determine the 
efficiency of this dynamo when operated as a motor at full load. 
Ans. 86.2 per cent. 

108 When connected to a 230-volt line a shunt motor with a 
field resistance of 80 ohms and an armature resistance of 0.2 ohm 
takes 5 amperes from the line at no load. Assuming the rotational 
losses to be constant determine the maximum efficiency at which 
this motor will operate. 

Ans. 87.3 per cent. 

109. A 230-volt, 15-horsepower shunt motor has an efficiency 
of 85 per cent at full load. Its armature resistance is 0.25 ohm 
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and its field resistance is 80 ohms. Determine the resistance of a 
starting box which will limit the initial starting current of the 
motor to the full load value. 

Ans. 4 ohms. 

110. A series motor having a combined armature and series 
field resistance of 0.1 ohm runs at a speed of 1000 rpm when 
taking 100 amperes from a 230-volt line. At what speed would 
this motor run when developing the same torque as before if it 
were connected to a 115-volt line? 

Ans. 477 rpm. 

111. A shunt motor with a field resistance of 35.4 ohms and an 
armature resistance of 0.025 ohm is operated on a 115-volt line 
and delivers 28 horsepower at a speed of 1000 rpm. Its magnet¬ 
ization curve is given on page 56. Determine its rotational loss. 

Ans. 1100 watts. 

112. A shunt motor with a terminal potential of 230 volts and 
an armature resistance of 0.3 ohm takes an armature current of 
40 amperes when operated at a speed of 1500 rpm. If the speed 
is reduced to 1200 rpm by connecting a resistance of 0.7 ohm in 
series with the armature determine the percentage change in the 
electromagnetic torque. The terminal potential and field resist¬ 
ance remain unchanged throughout. 

Ans. Increases 39 per cent. 

113. A shunt motor has a shunt field resistance of 28.7 ohms 
and an armature resistance of 0.04 ohm. Its magnetization curve 
at 1000 rpm is shown on page 56 and its rotational loss (to be 
assumed constant) is 1000 watts. Determine the pulley torque 
of this motor when connected to a 115-volt line and with a total 
power input of 20 kilowatts. 

Ans. 135 pound-feet. 

114. The armature of a four-pole, lap-wound shunt motor con¬ 
tains 420 conductors and has a resistance of 0.17 ohm between 
terminals. The flux per pole when connected to a 115-volt line 
is 1 million maxwells. This motor is to be direct-connected to 
a ventilating fan which has a torque-speed characteristic repre¬ 
sented by T = 7 X 10 -6 S 2 ; torque in pound-feet and speed in 
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rpm Neglecting the reactive torque of the motor due to the 
rotational losses, determine the speed at which this motor will 
drive the fan when the motor is connected to a 115-volt line. 

Ans. 1550 rpm. 

115 A 230-volt shunt motor takes an armature current of 3.16 
amperes at no load with the generated emf and speed adjusted 
to be the same as at full load. If the armature resistance is 
0.518 ohm and the armature current is 28.9 amperes at full load 
determine the horsepower rating of the motor. 

Ans. 7.36 horsepower. 

116 A shunt motor with a field resistance of 250 ohms and an 
armature resistance of 0.2 ohm is direct-connected mechanically 
to a long-shunt compound generator with a shunt field resistance 
of 52 ohms, a series field resistance of 0.008 ohm and an armature 
resistance of 0.04 ohm. With no load on the generator and the 
shunt motor connected 4o a 550-volt line the input to the motor is 
5.3 kilowatts and the terminal potential of the generator is 
volts. With the generator disconnected mechanically from the 
motor the input to the motor is 2.8 kilowatts. Assuming the 
rotational losses to be constant, determine the rotational loss o 
the motor and the generator respectively. 

Ans. Motor, 1588 watts; generator, 1384 watts. 

Chapter V 

117 A direct-current milliammeter gives a full-scale deflection 
when the current in the moving coil is 0.025 ampere. The resist¬ 
ance of the moving coil is 3 ohms, (a) What resistance must 
be connected in parallel with the moving coil so that a full-scale 
deflection will indicate 50 amperes in the circuit in which the 
instrument is connected? (b) What resistance must be connected 
in series with the moving coil (without the shunt) so that full-scale 
deflection will indicate 150 volts? (c) At what point on the 
series resistance should a terminal be connected so that full-scale 
deflection will indicate 15 volts? (d) If the voltmeter constructed 
in accordance with the requirements stated under question (b) 
is connected in series with an unknown resistance across a llo- 
volt line and the voltmeter reads 12 volts, what is the value o 
the unknown resistance? 
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Ans. (a) 0.001501 ohm, (b) 5997 ohms, (c) 597 ohms (from 
moving coil), and (d) 51,500 ohms. 

118. A 150-volt voltmeter of 15,000 ohms total resistance con¬ 
tains a 15-volt tap and gives full-scale deflection when 15 volts 
is impressed between the 15-volt tap and the negative terminal. 
What additional resistance should be connected in parallel between 
the 15-volt tap and the negative terminal so that the voltmeter 
will give full-scale deflection when an emf of 300 volts is impressed 
between the 150-volt terminal and the negative terminal? 

Ans. 1350 ohms. 

119. A 150-volt voltmeter has a normal resistance of 15,000 
ohms. A part of its non-inductive resistance becomes short- 
circuited so that its resistance between terminals is 14,500 ohms. 
When the voltmeter reads 115 volts (a) what is the actual poten¬ 
tial between its terminals? A 1.5-volt potentiometer is used to 
calibrate a 15-ampere ammeter, (b) What size of standard 
resistance should be connected between m and n in Fig. 98, page 96? 

Ans. (a) 111.1 volts and (b) 0.1 ohm. 



Fig. 259 

120. In the two-wire direct-current lighting circuit shown in 
Fig. 259 a 15,000-ohm voltmeter connected between a and d 
reads 115 volts. With the switch open, all lamps turned off, and 
a short circuit between a and b the same voltmeter connected 
between c and d reads 5 volts. Determine the insulation resist¬ 
ance between the two wires of the lighting circuit. 

Ans. 0.33 megohm. 

121. A transmission line 5 miles in length is grounded at an 
unknown point (6' 2 ). The far ends of the line are connected and 
a battery, two adjustable resistances, and a galvanometer are 
connected to the near ends as shown in Fig. 260, one terminal 
of the battery being grounded. The galvanometer shows no 
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deflection when Ri equals 700 ohms and R 2 equals 200 ohms. 
Determine the distance, d, to the ground on the line. 

Ans. 2.22 miles. 



Fig. 260 


Chapter VI 

122. An emf, e ab = 60 sin 377 t, is connected in series with 
an emf, e bc = 50 sin (377 1 + 30°), and an emf, e c d = 
80 sin (377 t — 45°). Determine the resultant emf, e od . 

Ans. e a d = 163 sin (377 t - 11.2°). 

123. An alternating emf, e = 150 sin 377 t, is impressed upon a 
series circuit consisting of 2 ohms resistance, 0.03 henry inductance, 
and 500 microfarads capacitance. Find (a) the maximum value 
of the current, (b) the difference in phase between the impressed 
emf and the current, (c) the reactance of the circuit, (d) the imped¬ 
ance of the circuit, (e) the maximum potential between the termi¬ 
nals of the condenser, (f) the maximum potential between the 
terminals of the resistance and inductance combined, (g) the 
frequency of the current and (h) the capacitance to be connected 
in series with the 500 microfarads capacitance to produce 
resonance. 

Ans. (a) 23.7 amperes, (b) 71.6°, (c) 6 ohms, (d) 6.33 ohms, 
(e) 125.6 volts, (f) 272 volts, (g) 60 cycles per second, and (h) 
444 mfs. 

124. An alternating emf, e = 300 sin 157 t, is impressed upon a 
coil of wire and a condenser connected in series. The coil of wire 
has a resistance of 5 ohms and a self-inductance of 0.03 henry. 
The condenser has a capacitance of 800 microfarads. Determine 
(a) the equation for the instantaneous potential between the 
terminals of the coil of wire referred to the impressed emf as 
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KuSod * h ' ~ « which energy 

= 340 S “ <i57< + 76 ' 3 ” ) ’ and O) 10 '1 kilowatts. 

SSpSSSiS 

per second the same connection has an impedance of 10 oCf 
Determine (a) the resistance, (b) the inductance and (c) tC 
capacitance respectively of the series connection ’ th 

Ans. (a) 5 ohms, (b) 0.0115 henry, and (c) 608 microfarads. 

126 The impedance of a coil of wire when connected to a 
«^ycle generator in ,0 ohms and the power factor is ol Det “ 
mine (a) the impedance and (b) the power factor of the same coil 
of wire when connected to a 25-cycle generator. 

Ans. (a) 8.36 ohms and (b) 0.956. 



Fig. 261 


eni 2 thafmuTt e - ,he of a 60-cycle sinusoidal 

emt that must be impressed between a and c in Fig. 261 to mate 

Szsr u,8t “ s ■— ■»£». 

Ans. 126 volts. 

anfnlr^r f FieS COnnection of 0.0004-henry inductance 
and 0 0005-m ic rof a rad capacitance is to be tuned for resonance 

a frequency of 600 kilocycles per second by the addition of a 

should be° nS T' 1 Determine whether this additional condenser 
should be connected in series or in parallel with the existing con- 

Itnser, and determine the capacitance required. 

Ans. 0.000271 microfarad in series. 

^12: z e ;; r r iSLi n * 

10 « (377 1 - 45°). Determine the ratio of the ener "“reLLd 
to the source of emf. to the energy delivered from tic source 
ol emf, during one cycle. Le 

Ans. 0.0639. 


260 


PRACTICE PROBLEMS 


130. The maximum value^ 
alternating-current wave is 10 ampeie . 
value? 

Ans. 5.78 amperes. 

131. Eaeh halt of the wave form of au alternating 
semicircular in shape and its maximum value is 10 amp 
Determine its effective value. 

Ans. 8.16 amperes. 



Fig. 262 


132. One-half of the wave form of a symmetrical alternating 
emf is shown in Fig. 262. The maximum value of the 
100 volts. Determine its effective value. 

Ans. 68.3 volts. 

133 A series alternating-current circuit contains three parts 
1 B and C A has a resistance of 2 ohms and an inductance 
oof hem y B has a resistance of 3 ohms and a capacitance of 
X microfarads, and C ^ 

“ a 6 °7uton toseriS circuit determine (a) the effective cur- 
XTb) the power factor of and (c) the effective potential 

“AnsX^-S amperes, (b) 0.75, and (c) 70 volts. 

134 An alternating emf of 230 volts (effective value) is im- 
pressed upon a 3 ohms akd an 

Snc^Tohms; section^ h, a £ 

p° tentiais acr ° ss sections 
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A and B respectively, (c) the power supplied to sections A and B 
respectively, and (d) the power factor of the circuit. 

Ans. (a) 42.7 amperes, (b) 286 volts across A and 191 volts 
across B, (c) 5460 watts to A and 3640 watts to B, and (d) 0.928. 

135. When a series connection containing a 3-ohm resistance 
and a condenser of unknown capacitance is connected across a 
115-volt 60 cps, the potential across the condenser is 60 volts. 
What would the potential across the condenser be if this series 
connection were connected across a 115-volt 25-cycle line? 

Ans. 94.8 volts. 

136. A coil of wire when connected to a 230-volt 60 cps source 
of power takes 1000 watts at 0.8 power factor (lagging current). 
At what frequency will this same coil of wire take 500 watts from 
a 230-volt source of power? 

Ans. 116.5 cycles per second. 



c 

Fig. 263 


137. A sinusoidal emf of 115 volts (effective value) and 60 cps 
frequency is impressed upon the series connection shown in 
Fig. 263. The condenser between b and c is adjusted until the 
effective potential from b to c is twice the effective potential from 
a to b. Determine (a) the effective potential from a to b, (b) the 
maximum instantaneous power supplied to the condenser, and 
(c) the average power supplied to the entire connection from 
a to c. 

Ans. (a) 60.6 volts, (b) 689 watts, and (c) 323 watts. 

138. When a 230-volt (effective value) sinusoidal emf is applied 
to a series connection the maximum instantaneous rate at which 
energy is being delivered to the circuit is 5000 watts, while the 
maximum instantaneous rate at which energy is being returned to 
the source of power is 500 watts. Determine (a) the power factor 
and (b) the impedance of the series connection. 

Ans. (a) 0.818 and (b) 19.2 ohms. 
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139 A 60-cycle sinusoidal emf of 115 volts (effective value) 
is impressed upon a series connection of 6 ohms resistance, 4 ohms 
inductive reactance, and a variable capacitance For what value 
of the capacitance will the potential between the terminals 
condenser be a maximum. 

Ans. 204 microfarads. 

140 When a sinusoidal emf of 115 volts (effective value) and 
60 cyclesper second frequency is impressed upon a coil of wire the 
maximum instantaneous power and the average power supplied to 
the coil of wire are 25 kilowatts and 10 kilowatts respectiv y. 
Determine (a) the resistance and (b) the inductance of e 

Ans. (a) 0.588 ohm and (b) 0.00174 henry. 

141. A sinusoidal emf of 115 volts (effective value) ^ pressed 
upon a variable resistance, an inductive reactance of 8 ohms, a 
a capacitive reactance of 2 ohms, all connected in senes. For 
what value of the resistance will the average power absorbed b> 
the series connection be a maximum ? 

Ans. 6 ohms. 

142 A coil of wire takes 400 watts from a 115-volt, 60-cycle 
line and takes 1350 watts from a 115-volt, 25-eps line De er¬ 
mine (a) the resistance, and (b) the self-inductance of the cod 

Ans. (a) 4.9 ohms and (b) 0.0312 henry. 

143. Two impedances, A and B, are connected in parallel 
A has a resistance of 2 ohms and an inductive reactance at 60 
cns of 5 ohms. B has a resistance of 4 ohms and a capacitive 
reactance at 60 cps of 3 ohms. Find the equivalent resistance 
of this parallel connection (a) to a 60-cps alternating current, and 

(b) to a direct current. 

Ans. (a) 4.15 ohms, and (b) 2 ohms. 

144. An impedance coil of 5 ohms resistance and 0.08 henry 
inductance ... connect*! tapj-W 

tntcS wToO cycles per second, and <b) at 25 cycle* per 
second? 

Ans. (a) 0.483, and (b) 0.418. 
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145. What resistance should be connected in parallel with a 
condenser of 100 microfarads capacitance to make the capaci¬ 
tance of the equivalent series connection 120 microfarads at a 
frequency of 60 cycles per second? 

Ans. 59.3 ohms. 

146. The impedances of two coils, A and B, are each 10 ohms at 
60 cycles per second. At 25 cycles per second the impedance of 
A is 5.38 ohms and the impedance of B is 8.67 ohms. Find the 
joint impedance of A and B at 60 cycles when connected (a) in 
parallel, and (b) in series. 

Ans. (a) 5.24 ohms, and (b) 19.1 ohms. 

147. A parallel connection consists of two branches, A and B. 
A has a resistance of 3 ohms and an inductive reactance of 5 ohms. 
B has a resistance of 2 ohms and a capacitive reactance of 4 ohms. 
If the total current taken by the parallel connection is 12 amperes 
find the current in each branch. 

Ans. I a equals 10.5 amperes and Ib equals 13.7 amperes. 

148. In a parallel connection containing two branches one 
branch has a resistance of 3 ohms and an inductive reactance of 
4 ohms, and the other branch contains an adjustable resistance 
connected in series with a capacitive reactance of 5 ohms. For 
what value should the resistance be adjusted to make the power 
factor of the parallel connection unity? 

Ans. 2.5 ohms. 

149. Two coils of wire, A and B, are connected in parallel. 
Coil A has a resistance of 6 ohms and a self-inductance of 0.02 
henry. Coil B has a resistance of 4 ohms and a self-inductance 
of 0.01 henry. Determine the resultant self-inductance of this 
parallel connection at a frequency of 60 cycles per second. 

Ans. 0.00673 henry. 

150. Given the parallel connection with respective resistances 
and capacitive reactances at 60 cycles per second frequency as 
indicated in Fig. 264. If a 60-cycle sinusoidal emf of 115 volts 
effective value is impressed between a and b determine the effec¬ 
tive value of the potential between c and d. 

Ans. 110.4 volts. 
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b 

Fig. 264 


151. An impedance A is connected 
in series with two impedances B 
and C, connected in parallel. The 
resistances of A, B, and C are 4, 2, 
and 5 ohms respectively, and the re¬ 
actances are +3, +6, and —7 ohms 
respectively. If an emf of 230 volts 
is impressed upon this circuit, find 
the current in A, B, and C respec¬ 
tively. 

Ans. I a equals 18.2 amperes, In 
equals 22.1 amperes, and Ic equals 
16.3 amperes. 

152. Given the parallel connec¬ 
tion shown in Fig. 265 by what 
per cent will the impedance from a 


to b be changed when the switch at c is closed? 


Ans. Increases 76 per cent. 



Fig. 266 
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effective value of the current in the 600-microfarad condenser 
5 amperes. 

Ans. 49.2 volts. 


20 “ O.lfc 20“ 0.1 h 



70.3 mfs 406 mfs 

Fig. 267 


154. Given the series-parallel connection shown in Fig. 267, 
determine the current taken by this connection when connected 
across a 230-volt 60-cps line. 

Ans. 2.71 amperes. 

Chapter VII 

165. The power supplied to a coil of wire is measured with an 
electrodynamometer wattmeter connected as shown in Fig. 130, 
page 122. The potential coil connection of the wattmeter has a 
resistance of 2000 ohms and the current coil has a resistance of 
0.1 ohm. The inductance of each wattmeter coil is negligible. 
With the coil of wire connected between the line wires at the right 
of the figure the wattmeter reads (correctly) 150 watts, the current 
in the current coil is 4.0 amperes, and the current in the potential 
coil is 0.06 ampere. Determine the reactance of the coil of wire. 

Ans. 28.4 ohms. 

156. The power supplied to an alternating-current load is 
measured with an electrodynamometer wattmeter connected as 
shown in Fig. 130,page 122. The load, which is connected on the 
right side of the figure, consists of resistance and inductance 
only, and the frequency is 60 cps. The potential coil connection 
of the wattmeter has a resistance of 2000 ohms and the current 
coil has a resistance of 0.1 ohm. The inductance of each watt¬ 
meter connection is negligible. The wattmeter reads (correctly) 
150 watts, the current in the potential coil is 0.06 ampere, and the 
current in the current coil is 4.0 amperes. Determine (a) the 
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actual power delivered to the load, (b) the resistance of the load, 
and (c) the inductance of the load. 

Ans. (a) 148.4 watts, (b) 9.28 ohms, and (c) 0.0755 henry. 

157. An electrodynamometer wattmeter, connected as shown in 
Fig. 130, page 122, has a current coil resistance of 0.133 ohm and a 
potential coil resistance of 3160 ohms. The line potential (in the 

place shown on the diagram) is 115 volts, the resistance of the load , 

(not including the wattmeter) is 2.17 ohms, and the inductive 
reactance of the load is 22.9 ohms. The inductance of each watt¬ 
meter coil is negligible and the wattmeter readings require no 
correction. Determine (a) the wattmeter reading, (b) the actual 
power supplied to the load, and (c) the power consumed by the 
wattmeter in measuring this power. 

Ans. (a) 57.3 watts, (b) 54.0 watts, and (c) 7.49 watts. 

158. When the electrodynamometer wattmeter shown in Fig. 

130, page 122 is connected (at the right) to a load containing no 
reactance and (at the left) to a 115-volt (effective value) line the 
wattmeter reads (correctly) 13.2 watts. The potential coil of the 
wattmeter has a resistance of 2000 ohms, the current coil a resist¬ 
ance of 0.1 ohm, and both coils have a negligible inductance. 

What will the wattmeter read if the potential coil terminal is trans¬ 
ferred from the left-hand terminal of the current coil to the right- 
hand terminal, all other connections remaining the same? 

Ans. 19.8 watts. 

Chapter VIII 

159. A three-phase, Y-connected alternator delivers 400 kilo¬ 
watts at 0.9 power factor to a balanced inductive load. If the 
terminal potential of the alternator is 2300 volts find (a) the line 
current, (b) the phase current, (c) the phase angle between the 
line current (aa') and the line potential (6a), (d) the phase angle 
between the phase current ( oa ) and the phase potential ( oa ), and 
(e) the output of the alternator in kilovolt-amperes. The termi¬ 
nal notation applies to Fig. 145, page 132. 

Ans. (a) 111.5 amperes, (b) 111.5 amperes, (c) 55.8°, (d) 

25.8°, and (e) 444.4 kva. 

160. A three-phase, A-connected alternator delivers 400 kilo¬ 
watts at 0.9 power factor to a balanced inductive load. If the 


terminal potential of the alternator is 2300 volts, find (a) the line 
current, (b) the phase current, (c) the phase angle between the 
line current (aa') and the line potential (6a), (d) the phase angle 
between the phase current (6c) and the phase potential (6c), and 
(e) the output of the alternator in kilovolt-amperes. The ter¬ 
minal notation applies to Fig. 147, page 133. 

Ans. (a) 111.5 amperes, (b) 64.4 amperes, (c) 55.8°, (d) 25 8° 
and (e) 444.4 kva. 


a 



161. A balanced Y-connected and a A-connected load are con¬ 
nected in parallel as shown in Fig. 268. If the line potential is 
2300 volts, determine the potential (a) between o and d, (b) 
between d and e, and (c) between e and a. The points d and e are 
located midway between a and 6, and 6 and c, respectively. 

Ans. (a) 664 volts, (b) 1150 volts, and (c) 1992 volts. 

162. A Y-connected and a A-connected load are connected 
m parallel to a three-phase transmission line. The phase current 
in each load is 10 amperes; the power factor of the Y-connected 
load is unity and the power factor of the A-connected load is 
0.5 (lagging current). Find (a) the line current, and (b) the 
power factor of the combined loads. 

Ans. (a) 24 amperes, and (b) 0.778. 

163. Three impedances, each having a resistance of 6 ohms 
and a reactance of 4 ohms, are connected in Y to a three-phase 
source of power. Determine (a) the resistance and (b) the react¬ 
ance of three impedances which, when connected in A to the same 
three-phase source of power in place of the Y-connected load, will 
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take the same power at the same power factor as the Y-connected 
load. 

Ans. (a) 18 ohms and (b) 12 ohms. 

164. A balanced, Y-connected load and a balanced A-connected 
load are connected in parallel to a three-phase transmission line. 
The Y-connected load takes 16 kilowatts at a power factor of 0.8 
(leading current) and the A-connected load takes 9 kilowatts at a 
power factor of 0.6 (lagging current). The line potential is 2300 
volts. Find (a) the resistance per phase and (b) the reactance 
per phase of a Y-connected load which will take the same power at 
the same power factor as the combined loads above. 

Ans. (a) 212 ohms and (b) zero. 

165. Determine (a) the resistance and (b) the reactance of each 
of three similar impedance coils which when connected in Y to a 
balanced 230-volt, three-phase line will take a total power of 20 
kilowatts at 0.4 power factor. 

Ans. (a) 0.423 ohm, and (b) 0.970 ohm. 

166. The current coil of a single wattmeter is connected in line 
aa' of a balanced three-phase load which takes 80 kilowatts at a 
power factor of 0.8 (lagging current). What will this wattmeter 
read when its potential coil is connected (a) between line aa' and 
line bb', (b) between line aa' and line cc', and (c) between line bb' 
and line cc'? 

Ans. (a) 22,650 watts, (b) 57,300 watts, and (c) 34,700 watts. 

167. The current coil of a wattmeter is connected in series with 
one line wire aa' of a three-phase transmission line. If the poten¬ 
tial coil is connected between line aa' and line cc' the wattmeter 
reads 9 kilowatts and when the potential coil is connected between 
line bb' and line cc' the wattmeter reads 4 kilowatts. Determine 
the total power transmitted to a balanced inductive load. 

Ans. 14 kilowatts. 

168. The power supplied to a three-phase induction motor is 
measured by two wattmeters which read 9 and 5 kilowatts respec¬ 
tively. If the line potential is 550 volts how much current does 
the motor take from the line? 

Ans. 16.4 amperes. 


169. Two wattmeters are connected to a balanced Y-connected 
three-phase load as shown in Fig. 157, page 138. Wattmeter No. 

1 reads +6000 watts and wattmeter No. 2 reads +4000 watts. 

If the potential coil connection to line c becomes broken, leaving 
the potential coils connected in series between line a and line b, 
what will each wattmeter read? 

Ans. Pi = +2000 watts and Pi = +3000 watts. 

170. A three-phase, 60-kilovolt-ampere, synchronous generator, 
while operating at full load, delivers 54 kilowatts to a balanced 
inductive load connected to its terminals. If the power supplied 
to the load is measured by the two-wattmeter method what will 
each wattmeter read? 

Ans. Pi reads +34.6 kilowatts and P 2 , +19.4 kilowatts. 

171. Three condensers, each of 100 microfarads capacitance, 
are connected in A to a three-phase, 230-volt 60-cps generator. 
The power supplied to th6 condensers is measured by the two-watt¬ 
meter method. What will each wattmeter read? 

Ans. Pi reads -1730 watts and P 2 , +1730 watts. 

172. The power supplied to a A-connected load is measured by 
three wattmeters connected as shown in Fig. 156, page 137. Each 
wattmeter reads 50 kilowatts and the power factor of the load is 
0.8 (lagging current). If the potential coil of wattmetei No. 3 
burns out what will each of the other two wattmeters lead? 

Ans. Pi reads 53.8 kilowatts, and P 2 reads 21.2 kilowatts. 

173. The two wattmeters, Pi and P 2 , in Fig. 157, page 138, read 
+26.7 kilowatts and +17.3 kilowatts respectively. What will 
each wattmeter read if an open circuit occurs between o and a? 

Ans. Pi reads zero and P 2 , 22.0 kilowatts. 

174. A three-phase, Y-connected load of 3 ohms resistance and 
4 ohms capacitive reactance per phase is connected to a tlnec- 
phase, 230-volt line. If the power input to this load is measured 
by the two-wattmeter method what will each wattmeter read ? 

Ans. 732 watts and 5610 watts. 

Chapter IX 

175. A substation receives 2000 kilowatts at 25 cycles from a 
generating station, 12 miles distant, over a three-phase line formed 
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of three No. 0 copper wires. The resistance of each wire per mile is 
0.539 ohm and the inductance of each wire per mile is 1.69 milli- 
henrys. A line potential of 13,000 volts is maintained at the 
substation and the power factor of the load connected to the sub¬ 
station is 0.9 (lagging current). Assuming a balanced system 
determine (a) the line potential at the generating station, (b) the 
power lost in the transmission line, and (c) the power factor at 
the generating station. 

Ans. (a) 14,250 volts, (b) 188 kilowatts, and (c) 0.899. 

176. A three-phase synchronous generator supplies 600 kilo¬ 
watts to a three-phase synchronous motor at a power factor of 0.9 
(leading current). The resistance and reactance (inductive) of 
each transmission line wire are 0.5 and 0.8 ohm respectively. 
Determine the line potential at the generator when the line poten¬ 
tial at the motor is 2300 volts. 

Ans. 2350 volts. 

177. The line potentials at the load and generator ends of a 
single-phase transmission line are each 6600 volts. The resist¬ 
ance of the line (both wires) is 6 ohms and the inductive reactance 
of the line (both wires) is 8 ohms. If the power factor at the load 
end of the line is 0.752 what is the line current? 

Ans. 99 amperes. 

178. A 4400-volt three-phase power station delivers 500 kilo¬ 
watts to a A-connected three-phase load. The resistance of 
each line wire of the transmission line is 4 ohms and the current 
in each phase of the load is 50 amperes. What is the power factor 
at the power station? 

Ans. 0.893. 

179. A 230-volt three-phase induction motor is connected to 
a switchboard by copper wires, each of 0.1 ohm resistance and 
0.05 ohm inductive reactance. What line potential must be 
maintained at the switchboard when the motor input is 15 kilo¬ 
watts at rated potential and 0.8 power factor (lagging current)? 

Ans. 239 volts. 

180. A three-phase transmission line is to be constructed which 
will transmit power a distance of 15 miles to a factory which 
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takes 500 kilowatts at a line potential of 13,200 volts and at 0.8 
power factor (lagging current). If the efficiency of transmission 
is to be 85 per cent determine the required size (A.W.G.) of the 
copper line wires at 30 C. 

Ans. No. 6. 

181. When a synchronous generator supplies 2500 kilowatts to 
a three-phase transmission line, 14 miles in length, the line poten¬ 
tial at the load is 13,000 volts, the power factor at the load is 0.85 
(lagging current) and the efficiency of transmission is 0.9. Deter¬ 
mine the nearest size (A.W.G.) of the aluminum line wires at 
30 C. 

Ans. No. 0000. 

182. Power is transmitted over a three-phase transmission line 
to a balanced inductive load where the line potential is 2300 volts. 
Each wire has a resistance of 1.5 ohms and an inductive reactance 
of 3.0 ohms. The power at each end of the line is measured by the 
two-wattmeter method. At the load end one wattmeter reads 
+330 kilowatts and the other reads +130 kilowatts. What would 
each wattmeter at the generator end read? 

Ans. Pi reads +431 kilowatts and Pi reads +123 kilowatts. 

183. The power at the generator and at the load end of a three- 
phase transmission line is measured by the two-wattmeter method. 
At the generator end the two wattmeters read +78 kilowatts and 
+40 kilowatts, respectively, and the line potential is 2500 volts. 
At the load end the two wattmeters read +65 kilowatts and +35 
kilowatts respectively. Assuming a balanced load and negligible 
capacitive reactance in the transmission line determine (a) the 
resistance and (b) the reactance of each transmission line wire. 

Ans. (a) 6.16 ohms and (b) 4.68 ohms. 

184. A three-phase generator is connected to a three-phase 
motor by three lines, each having a resistance of 0.012 ohm and 
inductive reactance of 0.016 ohm. Determine (a) the line poten¬ 
tial, (b) the power input, and (c) the power factor at the motor 
when the generator output is 20,000 kilowatts at 2400 volts and 
0.85 power factor (lagging current). 

Ans. (a) 2220 volts, (b) 18,850 kilowatts, and (c) 0.865. 
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Chapter X 

185. A three-phase, Y-connected, synchronous generator sup¬ 
plies power to a balanced load at a line potential of 230 volts at the 
generator. The power is measured by the two-wattmeter method 
and each wattmeter reads 10 kilowatts. If the resistance and 
reactance of each phase of the armature is 0.1 ohm and 0.3 ohm 
respectively find the generated emf per phase of the generator. 

Ans. 138.7 volts. 

186. If one phase of a three-phase, A-connected, 100-kilovolt¬ 
ampere synchronous generator is burnt out, how much power may 
each of the remaining phases supply to a balanced three-phase 
load of 0.8 power factor (lagging current)? 

Ans. 33.1 and 13.1 kilowatts. 

187. A 500-kilovolt-ampere, 2300-volt, three-phase synchronous 
generator supplies 400 kilowatts to an inductive load at 0.95 power 
factor. If a non-inductive (unity power factor) lighting load 
is to be connected in parallel with the above load determine the 
maximum power that may be supplied to the lighting load without 
exceeding the rated capacity of the synchronous generator. 

Ans. 82.5 kilowatts. 

188. A two-pole, A-connected, three-phase 25-cycle, synchro¬ 
nous turbo-generator has a total rotational loss of 10 kilowatts and 
an armature resistance per phase of 1.5 ohms. What driving 
torque (in pound-feet) must be supplied by a steam turbine when 
the generator is delivering 300 kilowatts at 2300 volts terminal 
potential and 0.8 power factor (lagging current)? 

Ans. 1520 pound-feet. 

189. A A-connected, three-phase generator with a phase resist¬ 
ance of 9 ohms and a phase inductive reactance of 12 ohms is 
connected to a transmission line of 3.5 ohms resistance and 7 ohms 
inductive reactance per line wire. If the line potential at the load 
is to be 2300 volts at no load and also with a load of 100 kilowatts, 
0.85 power factor (lagging current) by what per cent must an 
automatic regulator in the power house increase the emf of the 
generator? 

Ans. 26 per cent. 


190. Two three-phase synchronous generators operating in 
arallel deliver power at a line potential of 500 volts to an inductive 

load of 100 kilowatts at 0.8 power factor. If the armature currents 
of the two generators are equal and one alternator is operating at 
unity power factor how much power does each alternator supply 
to the load? 

Ans. 78.5 and 21.5 kilowatts. 

191. Two three-phase synchronous generators, A and B, con¬ 
nected in parallel supply 50 kilowatts to an inductive load at 0.9 
power factor. If A supplies one-third of this load at 0.8 power 
factor what is the power factor of B if the phase current lags the 
phase potential in each alternator? 

Ans. 0.943. 

Chapter XI 

192. One hundred kilowatts are supplied to a 2300-volt, three- 
phase, A-connected synchronous motor at 0.8 power factor (leading 
current). The resistance and reactance of each phase of the 
motor are 8 ohms and 10 ohms respectively. Determine the 
generated emf of the motor per phase. 

Ans. 2305 volts. 

193. How much power will a Y-connected synchronous motor 
take from a 230-volt, three-phase transmission line at 0.8 power 
factor (leading current) if the armature resistance per phase is 
0.5 ohm, the armature reactance per phase is 0.6 ohm, and the 
generated emf of the motor is equal to the terminal potential? 

Ans. 5.54 kilowatts. 

194. A 2300-volt, three-phase industrial power plant of 1000 
kilovolt-amperes capacity supplies 900 kilowatts to an induction 
motor load at 0.9 power factor (lagging current). An extension 
to the factory involves the installation of an additional 120 horse¬ 
power motor. It is proposed to install a synchronous motor of 
89.5 per cent (alternating current) efficiency (at full load) with its 
field adjusted to make the power factor of the combined load 
unity. Determine (a) the input rating of the synchronous motor 
in kilovolt-amperes, and (b) the power factor at which it must 
operate. 

Ans. (a) 447 kva., and (b) 0.224. 
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195. A three-phase transmission line supplies 100 kilowatts to 
a three-phase induction motor at 2300 volts line potential at 0.8 
power factor (lagging current). A three-phase synchronous motor 
of 25 kilovolt-amperes capacity, connected in parallel with the 
induction motor, takes 15 kilowatts from the line. What is the 
best power factor that may be obtained for the combined load? 

Ans. 0.902. 

196. A factory takes 500 kilowatts, three-phase, at 0.8 power 
factor (lagging current), 8 hours each day, 300 days pci year, 
at 2.1 cents per kilowatthour. The power company offers to 
reduce the rate if the power factor is increased to 0.9. The owner 
of the factory may purchase a synchronous motor for $13.50 per 
kilovolt-ampere (installed) and the interest, depreciation, and 
taxes on this investment will be 12 per cent. When operated at no 
load with its excitation adjusted to make the power factor of the 
resultant load 0.9 (lagging current) the synchronous motor will 
take 20 kilowatts from the line. Neglecting the cost of the syn¬ 
chronous motor excitation, what is the least reduction in rate that 
would confirm the installation of the synchronous motor? 

Ans. Reduce to less than 2 cents per kilowatthour. 

197. A three-phase, 200-kilovolt-ampere synchronous motor is 
connected in parallel with a balanced three-phase inductive load 
to a 600-volt, three-phase line. The synchronous motor takes 
100 kilowatts at an unknown power factor, the inductive load 
takes 120 kilowatts at 0.8 power factor (lagging current), and the 
power factor of the combined load is unity. At what per cent of 
its capacity is the synchronous motor operating? 

Ans. 67.2 per cent. 

198. The power factor of a three-phase load of 400 kilowatts at 
0.85 power factor (lagging current) and 2300-volt line potential is 
to be improved by connecting a three-phase synchronous motor of 
100 -kilovolt-amperes capacity in parallel with it. The armature 
of the synchronous motor is Y wound and has a resistance of 2.7 
ohms per phase. The rotational loss of the synchronous motor is 
5 kilowatts and may be assumed constant. What is the best 
power factor that may be obtained in the combined load if the 
output of the synchronous motor is zero? 

Ans. 0.94. 


199. A factory takes 300 kilowatts from a three-phase transmis¬ 
sion line at 0.85 power factor (lagging current). It is proposed to 
install in the factory a three-phase synchronous motor to be 
operated at no load and with its excitation adjusted to make the 
power factor of the resultant load 0.95 (lagging current). If the 
alternating-current power input to the synchronous motor at no 
load is 25 kilowatts, determine its capacity in kilovolt-amperes. 

Ans. 82.8 kilovolt-amperes. 

200. A A-connected, three-phase synchronous motor is operated 
at a line potential of 2300 volts with an armature phase current 
of 25 amperes at 0.8 power factor (lagging current). Determine 
the required percentage increase in the field flux to cause the 
synchronous motor to operate under the same load and armature 
current but at 0.8 power factor (leading current). The phase 
resistance and inductive reactance are each 4 ohms. 

Ans. 5.82 per cent. 

201. A three-phase 60-cycle generator supplies 100 kilowatts 
to a three-phase transmission line at 2300 volts line potential and 
0.85 power factor (lagging current). Determine the capacitance 
in microfarads of each of three condensers connected in Y between 
the line wires at the generator which will make the power factor 
at the generator unity. 

Ans. 31.2 microfarads. 

202. A synchronous generator delivers power over a three-phase 
transmission line to a synchronous motor which drives a centrifu¬ 
gal pump. The synchronous generator is Y wound, has a phase 
resistance of 3 ohms, and a total rotational loss of 25 kilowatts. 
The transmission line has a resistance of 2 ohms per conductor. 
The synchronous motor is A wound, has a phase resistance of 
6 ohms, and a total rotational loss of 20 kilowatts. When the 
power delivered to the centrifugal pump is 700 horsepower the line 
current is 50 amperes. Determine the horsepower output of the 
turbine driving the synchronous generator. 

Ans. 830 horsepower. 

Chapter XII 

203. A single-phase synchronous converter is connected 
between a grounded 115-volt direct-current line and an alternating- 
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current radio receiver as shown in Fig. 269. An alternating- 
current voltmeter is connected between one of the alternating- 
current lines and the ground. Neglecting all impedance drops in 



the synchronous converter what will the voltmeter read? The 
wave form on the alternating-current side of the converter is to 
be assumed sinusoidal. 

Ans. 70.3 volts. 

Chapter XIV 

204. A 10-kilowatt, 20-to-l transformer takes 178 watts when 
the primary potential is /0 volts, the primary cunent is 4.5 am¬ 
peres, and the secondary winding is short-circuited. Determine 
(a) the composite (or equivalent) resistance and (b) the composite 
(or equivalent) reactance of the transformer, each on the secondary 
side. 

Ans. (a) 0.0219 ohm and (b) 0.0321 ohm. 

205. What emf must be impressed upon the primary winding 
of the transformer described in Problem 204 when the secondary 
delivers 8 kilowatts at 115 volts terminal potential and 0.85 power 
factor (lagging current)? 

Ans. 2360 volts. 

206. The transformer described in Problem 204 takes 122 watts 
when the primary potential is 2360 volts and the secondary is 
open-circuited. Determine the efficiency of the transformer when 
the secondary delivers 8 kilowatts at 115 volts terminal potential 
and 0.85 power factor (lagging current)? 

Ans. 96.7 per cent. 


207. A 10-to-l (primary to secondary) transformer has a second¬ 
ary composite resistance of 0.02 ohm and a secondary composite 
reactance of 0.03 ohm. When delivering 30 kilowatts at 0.8 
power factor (lagging current) the secondary terminal potential 
is 230 volts. Determine the per cent rise of the secondary poten¬ 
tial when the above load is disconnected. The primary potential 
is assumed constant. 

Ans. 2.4 per cent. 

208. A transformer having a core loss of 1000 watts operates at 
an efficiency of 98 per cent when its output is 100 kilowatts. 
Assuming that its core loss, secondary terminal potential and load 
power factor remain constant determine the efficiency of the 
transformer when its output is 40 kilowatts. 

Ans. 97.2 per cent. 

209. A 6600-volt, three-phase transmission line supplies power 
to a three-phase synchronous converter through three single-phase 
transformers. The transformer primaries are connected in Y 
and the secondaries in A. Neglecting the impedances of the 
transformers and the converter what must be the ratio of trans¬ 
formation of each single-phase transformer to give a potential of 
500 volts on the direct-current side of the converter? 

Ans. 12.45. 

210. Power is supplied from a three-phase transmission line to a 
three-phase induction motor through three single-phase transform¬ 
ers. The ratio of transformation (primary to secondary) of each 
transformer is 3.3. The secondary composite resistance of each 
transformer is 0.4 ohm and the secondary composite reactance of 
each transformer is 0.6 ohm. The primary windings of the three 
transformers are connected in Y and the secondary windings in 
A. Determine the required line potential of the transmission 
line when the input to the induction motor is 500 kilowatts at 
2300 volts terminal potential and 0.8 power factor (lagging cur¬ 
rent). 

Ans. 13,500 volts. 

211. When the secondary output of a transformer is 50 kilowatts 
the primary input is 53 kilowatts at 2300 volts terminal potential 
and 0.8 power factor (lagging current). When the secondary 
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output is zero the primary input is 1 kilowatt at 2300 volts 
terminal potential. Determine the composite resistance of the 
transformer on the primary side. 

Ans. 2.41 ohms. 

212. The input to a transformer of 10 kilovolt-amperes rated 
capacity is 200 watts at no load and 5250 watts at half load (unity 
power factor). Determine the input at full load with the same 
power factor as at half load. 

Ans. 10.4 kilowatts. 

213. A three-phase transformer delivers a load of 100 kilowatts 
at 2300 volts line potential and 0.85 power factor to a three-phase 
induction motor. The primary windings are connected in Y and 
the secondary windings in A. The composite resistance and 
reactance of the transformer per phase on the secondary side are 
2.0 ohms and 6.0 ohms respectively. Determine the power factor 
on the primary side (neglecting the core loss). 

Ans. 0.835. 

214. Three single-phase transformers are connected (Y-Y) 
between a three-phase transmission line and a three-phase induc¬ 
tion motor. Each transformer has a secondary composite resist¬ 
ance of 0.1 ohm. With the secondary load disconnected the total 
power input to the three transformers is 12 kilowatts. Determine 
the total power input to the three transformers when the induction 
motor takes 400 kilowatts at 2300 volts terminal potential and 
0.8 power factor. 

Ans. 416.7 kilowatts. 

215. Power is supplied from a three-phase transmission line 
through two V-connected transformers to a three-phase induction 
motor which takes 250 kilowatts at 0.85 power factor. Determine 
the required kilovolt-ampere capacity of each transformer. 

Ans. 170 kilovolt-amperes. 

Chapter XV 

216. A 15-horsepower, 60-cycle, three-phase induction motor 
operates at full load at a speed of 1125 rpm. Determine (a) the 
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number of phase sets in the stator winding, (b) the slip of the rotor 
at full load, and (c) the frequency of the rotor current at full load. 

Ans. (a) 3, (b) 6.25 per cent, and (c) 3.75 cycles per second. 

217. A three-phase, 60-cycle, induction motor having three phase 
sets develops a torque of 80 pound-feet at 6 per cent slip. The 
input to the motor is 16 kilowatts at 230 volts and a line current of 
50 amperes. Determine (a) the speed, (b) the power factor, (c) 
the output, and (d) the efficiency of the motor. 

Ans. (a) 1128 rpm, (b) 0.803, (c) 17.2 horsepower, and (d) 
80 per cent. 

Chapter XVI 

218. The line current of a 5-horsepower, 115-volt, 25-cycle, 
alternating-current series commutator motor is 48 amperes at full 
load. The resistance of the armature and compensating winding 
combined is 0.1 ohm and the resistance of the field winding is 
0.054 ohm. With the armature at rest the potential across the 
armature and compensating winding combined with an armature 
cuilent of 48 amperes (25 cycles alternating current) is 13 1 volts 
The potential between the terminals of the field winding with the 
same current is 52.1 volts. With the motor operating at full load 
at 115 volts terminal potential determine (a) the power factor of 
the motor, (b) the effective emf generated in the armature, (c) 
the rotational loss of the motor, and (d) the efficiency. 

Ans. (a) 0.83, (b) 88.1 volts, (c) 495 watts, and (d) 81.3 per 
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Electromagnetic induction, 36 
torque, 69 
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Energy conversion, 2 
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External characteristic, 58 

Farad, 103 
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Fluorescent lamps, 187 
Flux density, 20 
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Flux, magnetic, 20 
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on a current, 21 
Four-phase system, 136 
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Hysteresis, 32, 79 
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Megohm, 4 

Mercury arc rectifier, 181, 182 
Microfarad, 103 
Microhm, 4 

Mil, H 
Mil-foot, 11 
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209, 213 

direct-current, 68 
Motor-generator, 174 
Multiplier, 125 
Mutual-inductance, 40 

Neutral, three-phase, 132 
Neutral wire, 18 
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Power losses, dynamo, 79 
transformer, 194 
transmission line, 142 
Primary winding, transformer, 

Radians, electrical, 98 
Radio detector, 178 
Ratio of transformation, 191 
Reactance, 107 
“ Rectigon,” 179 
“ Rectox,” 185 
Reference standards, 84 
Reluctance, 27 
Repulsion grid, 178 
motor, 215 
Resistance, 4 
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Ohm, 4 
Oscillator, 179 
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Parallel connection, ac, 113 

dc, 8 

Parallel operation, ac generators, 

160 

dc generators, 62 
Paramagnetic materials, 23 

Period, 98 

Permanent magnet, 31 
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Phase angle, 99, 107 
difference, 99 
emf, 99 

Photoelectric emission, 187 

cell, 188 

Photovoltaic cell, 188 
Plate current, 177 
Poles, dynamo, 45 
olyphase connections, 131, 136 
converter, 171 
Potential, 4 
Potentiometer, 94 

0VVer , alternating-current, 108, 110 
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direct-current, 4 
° Wer factor, 110 


calculations, 11 
measurement, 91 

Resistance-temperature coefficient, 12 
Resistances of materials, 10 
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Retentivity, 31 
Reversible converter, 3 
Right-hand rule, 37 
Rotating flux, 199 
Rotational losses, 79, 81 
Rotor, induction motor, 203 

Saturation, magnetic, 29 
Screen grid, 178 

Secondary winding, transformer, 190 
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Self-excitation, 55 
Self-inductance, 38 
Separate excitation, 55 
Series connection, ac, 106 112 
dc, 7 

Series generator, 60 
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dc, 71 

Shunt, ammeter, 88 
Shunt generator, 56 
motor, 71 

Silver voltameter, 84 
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Concatenation, 209 
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Control grid, 177 
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Single-phase alternating current, 97 
Sinusoidal wave, 97 
Six-phase system, ac, 137 
Slip, 205 
SliY> ring, 153 
Solenoid, 24 
South pole, 32 
Space charge, 176 
Speed adjustment, dc, motors, 77 
induction motor, 208 
Speed calculations, dc motor, 78 
Speed-torque characteristic, dc mo¬ 
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“ Spirakore ” transformer, 189 
Split-phase winding, 210 
Squirrel cage rotor, 203 
Standard cell, 84 
resistance, 84 

Starting rheostat, dc motor, 76 
Stator, induction motor, 203 
Stray power, 79 
Suppressor grid, 178 
Susceptance, 114 
Synchronism, 160 
Synchronous condenser, 166 
converter, 168 
generator, 153 
motor, 162 
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Terminal potential, 69 
Temperature coefficient of resistance, 
12 
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Three-wire system, IS 
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Time constant, 43, 44 
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Wattless current, 111 
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